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The effect of wildfire and prescribed fire on soil N and C dynamics in ponderosa pine 
forests (127 pp.)
Advisor: Thomas H. DeLuca ‘' f t®
Prior to 1900, ponderosa pine (Pinus ponderosa Laws.) forests o f western 
Montana experienced non-lethal fire at intervals of 13-50 years resulting in open, park­
like, uneven-aged stands. Today, largely as a result o f  reduced fire frequency, many 
ponderosa pine stands are characterized by a dense interior Douglas-fir (Pseudotsuga 
menziesii var.ftlauca) understory, which gradually leads to Douglas-fir becoming a 
dominant species. Selection harvest and prescribed fire are commonly used to restore 
ponderosa pine ecosystems to their historic conditions. However, little is known about 
the effect o f fire on soil microbial and biochemical processes. This dissertation was 
performed to investigate how prescribed fire influences N and C cycling and microbial 
activity under different management strategies and with or without the subsequent 
occurrence o f wildfire. Both field and laboratory studies were performed to investigate 
the factors controlling soil C and N transformations with the return o f fire to these 
historically fire-dependent forest ecosystems. Field studies demonstrated that prescribed 
fire improved the resistance o f microbial communities to subsequent wildfire and aided in 
faster soil recovery. O f all restoration scenarios evaluated during the field study, 
prescribed fire had the least severe impact on the site with whole tree selection cutting 
and 50% tops returned. This site also appeared to have the highest labile N  (potentially 
mineralizable N and NFLi+-N) both in mineral soil and organic horizon 9 months after 
fire. Finally, the laboratory studies simulated soil recovery after burning at low and high 
heating temperatures under moist and dry field conditions as can happen during spring 
and fall prescribed fires. The results demonstrated that dry heat (as during the late season 
fires) may physically protect active N pool by slowing N mineralization thereby 
potentially enhancing faster soil biological recovery. This research provides a more clear 
understanding o f soil biogeochemical transformations under altered environmental 
conditions and forest ecological restoration scenarios.
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CHAPTER 1: INTRODUCTION
The debate over how to best define forest sustainability has evolved toward a 
greater emphasis on ecosystem “integrity”, ecosystem “health”, and biodiversity. This 
more holistic perception of ecosystems is leading to management practices that treat 
forests not as a source of woody products, but rather as whole entities (Kimmins, 1996). 
One o f the most frequently disputed issues in this new paradigm is the role o f disturbance 
as a vital component shaping many natural ecosystems (Foster et al., 1997). It has been 
widely recognized that human alteration o f disturbance regimes in many disturbance- 
driven ecosystems has brought a significant change through effects on soil, plant 
communities, biological diversity, successional processes and ecosystem functions 
(Kimmins, 1996). Therefore, the major emphasis of contemporary management is to 
emulate effects o f natural disturbance to sustain biological diversity and site productivity 
in these systems.
For example, prior to 1900 ponderosa pine (Pinusponderosa Laws.) forests 
experienced non-lethal fire at intervals of 13-50 years that rarely reached crowns o f large 
trees. These historic pine stands have been described as open, park-like, and uneven- 
aged (Amo et al., 1995). Today, largely as a result of reduced fire frequency because of 
cultural biases against fire, pressures from selective logging, livestock grazing, exotic 
species introduction and air quality restrictions, many ponderosa pine stands have gone 
through inevitable ecological change that alters whole-ecosystem patterns and processes 
(Kaye and Hart, 1998). These stands are characterized by dense understories o f inland 
Douglas-fir (Pseudotsuga menziesii var.glauca) indicating the beginning o f  a gradual
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
transition in forest composition with Douglas-fir becoming the dominant species. Dense 
understory and accumulation of litter on the forest floor has increased fuel loading that 
makes the ponderosa pine forest more susceptible to insect and disease damage and to 
catastrophic, stand replacing wildfire.
Of all the structural components o f the forest ecosystem, soil is the least 
renewable resource. Not only is soil a key determinant of sustainability of timber and 
other non-woody forest values (Kimmins, 1996), but also, belowground biochemical 
processes are highly sensitive to environmental change, and therefore, can provide 
important early information about early ecosystem response to disturbance (Diaz Ravina 
et al., 1996; Trasar-Cepeda et al., 1998).
The effect of long-term fire suppression on soil nutrient availability is still poorly 
understood. Nitrogen, the mineral plant nutrient required in greatest quantities, 
predominantly exists in organic compounds (Stevenson, 1986) and, therefore, rates of its 
release as plant available NRt+-N or NCV-N depend on the “quality” and quantity o f soil 
organic matter (SOM). Gradual accumulation of litter in fire-suppressed forests, 
becomes a significant reservoir of nutrient sequestered in highly recalcitrant and slowly 
decomposable needles and branches (Neary et al., 1999). Although total N content is 
relatively high in forest soils, rapid immobilization by a microbial biomass and further 
incorporation into humus leaves only about 0.01% o f  total N available for plant uptake, 
with higher NIL»+ -N concentrations than NO3' -N (Aguillera et al., 1993).
With recognition of the role of fire in suppressing insects and disease and 
maintaining natural stand functions (Amo et al., 1995), there is growing need to better 
understand effects of ecological restoration practices, such as fire reintroduction in
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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combination with selection cutting, on productivity in ponderosa pine forests. These 
practices if implemented in next 15-40 years could ameliorate the  contemporary stage of 
ponderosa pine forest health deterioration (Covington et al., 1994).
Describing fire effects on soil is a complex undertaking. Burning creates a 
significant shift from a tight, N cycle to an “open” cycle experiencing net N 
ammonification, inorganic N accumulation and reduced immobilization. This temporary 
release of NHt* -N results in a period of NH3 volatilization and net nitrification followed 
by plant and microbial competitive uptake, and potential leaching or denitrification 
(Kovacic et al., 1986). Much research shows that, individually, both low-intensity 
prescribed fires and selection cutting increase short-term N availability in mineral soils 
(Giovannini et al., 1990; Prieto-Femandez et al., 1998). This is followed by subsequent 
gradual declines in inorganic and labile N concentrations for an indefinite period (Prieto- 
Femandez et al., 1998; Neary et al., 1999; DeLuca and Zouhar, 2000). The reason for 
this decrease is partly explained by the N losses noted above and might also be explained 
by development of a litter layer on the mineral soil surface. Steady accumulation o f litter 
causes nutrient cycling to progress at a rate much slower than soon after the fire 
(Covington and Sackett, 1992).
Long-term effects o f fire on the N cycle depend on specific ecosystem processes 
determined by interactions between soil, climate and vegetation (Raison, 1980). SOM 
quality changes with time and recovering vegetation after fire. Grass establishment 
enhances formation of “mull” type o f organic matter mixed w ith mineral soil in A 
horizons. As time progresses, grasses may be replaced by shrubs and trees as canopy 
closes and light becomes a limiting factor. Nitrogen fixing species may be lost from the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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forest understory during long-term fire exclusion (Newland and DeLuca, 2000). This 
changes quality of plant residue and creates a shift towards “mor” humus which remains 
on the soil surface as organic horizon (Tamm, 1991).
Given the economic and ecological importance of ponderosa pine forests and 
current restoration efforts, greater understanding o f the short- and long-term effects of 
restoration effects on N availability, becomes a research imperative in the Northwest. 
However, ecological effects of restoration, including linkages between aboveground 
restoration and belowground biogeochemical processes, are poorly understood (Kaye and 
Hart, 1998).
Until recently, most research used one-time estimates o f inorganic N pools from 
research sites or as laboratory estimates o f net N transformations (e.g. Covington and 
Sackett, 1992). However, these measures alone may be poor indices o f site productivity 
as inorganic N pools undergo dynamic changes depending on environmental drivers such 
as soil moisture content, quality of organic matter, availability o f carbon (C), soil 
temperature, and microbial populations (Kaye and Hart, 1998). Generally, fire-excluded 
forest soils have an abundant C source in accumulated litter and woody debris, but are 
considered to be N-limited. In this scenario, measurements of net nitrification are 
typically very low, suggesting a stagnant N cycle and general lack o f mineralization and 
nitrification (e.g., White, 1994). Gross N mineralization measured by Stark and Hart 
(1997) and others, however, have presented evidence that these pine forests have a very 
active microbial community that rapidly mineralizes and immobilizes mineral N creating 
a “tight” internal N cycle in fire-excluded forest systems.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Conversely, re-introduction o f fire drastically alters this scenario by denaturing 
proteins, disrupting humus, lysing the microbial cells and temporarily eliminating 
immobilization. The immediate post-fire increases in net inorganic N pool are followed 
by rapid decline within a few years following fire. However, at the same time, gross N 
transformation measurements still indicate increased process o f mineralization but 
reduced microbial immobilization (Kaye and Hart, 1998). Slow microbial biomass 
recovery during the first years following fire creates an opportunity for fire-surviving 
plants and pioneer species to take advantage o f  a less competitive environment and 
intercept the large pool o f inorganic N. The presence o f lush grass begins the SOM pool 
recovery, which is structurally and chemically altered compared to the pre-fire forest 
(different organic matter quality and turnover rates) (Pietikainen et al., 2000). However, 
the same grass could potentially compete with tree seedlings on sites, which experienced 
mortality o f mature trees. Therefore, more frequent, low-intensity bums would likely 
benefit plant undergrowth the most, and establish dynamics that could secure presence o f 
grassy understory and continuous supply of labile N.
Post-fire effects on soil have to be viewed as biologically-driven processes that 
transform an altered pool of oxidized organic compounds. When gross N transformation 
methods can not be applied, the validity of the net inorganic N indices can improve when 
put in the context of its concentrations relative to the quality o f soil C or as a product of 
or a substrate for microbial transformations.
The overall goal o f this dissertation research was to investigate the value of 
controlled burning in restoring ponderosa pine forest ecosystems damaged by years of 
fire exclusion, and to gain a better understanding of the factors controlling soil C and N
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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transformations with the return of fire to these historically fire-dependent forest 
ecosystems.
Little is known about the relative impact of prescribed fire in actually mitigating 
effects of high intensity wildfire. Such research would provide insight into the potential 
role o f prescribed underburning in protecting soil processes from catastrophic fire in 
these currently fire-suppressed forests. The second chapter o f this dissertation provides 
an assessment o f the effect o f prescribed underburning followed by high intensity 
wildfire on mineral soil microbial biomass recovery and C and N transformations in a 
ponderosa pine forest. This chapter has been accepted with revisions for publication in 
Soil Science Society of America Journal.
Selection cutting with or without prescribed burning have been identified as forest 
management strategies to aid in restoration of ponderosa pine stands to historic stand 
structures (Fiedler, 1996). However, to date there is a limited number of reports on the 
impact of selection cutting combined with prescribed burning on soil biochemical 
processes in ponderosa pine (e.g. Pietikainen and Fritze, 1995; Kaye and Hart, 1998). 
Additionally, fewer studies have assessed prescribed burning without prior harvest. The 
third chapter describes short-term monitoring effects o f changes in soil C and N 
mineralization shortly after selected forest restoration scenarios. This chapter is in 
preparation for submission to Journal o f Forest Ecology and Management.
Interpretation of results obtained from the field observations left many questions 
regarding possible environmental controls influencing biogeochemical processes during 
post-disturbance recovery. Therefore, a better understanding of the effects o f the 
interactions o f soil moisture, fire intensity, and soil fire history on post-bum soil
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ecosystem recovery could provide a basis for burning prescriptions that improve 
restoration efforts in fire-dependent forests. The fourth chapter describes the results from 
a laboratory experiment investigating microbial activity and N mineralization in forest 
mineral soils following heating. The ultimate purpose o f this experiment was to simulate 
soil recovery after burning under moist and dry field conditions as can happen during 
spring and fall prescribed underbums. This chapter has been submitted for publication in 
Journal o f Soil Biology and Biochemistry.
Finally, the appendices contain results o f the soil sampling of sites initially 
selected in search for establishing the research. Two sites affected by wildfire, located on 
the Kootenai National Forest (Appendix A) and Flathead Indian Reservation (Appendix 
B), were sampled in Summer 1996. The last part o f appendices section (Appendix C) 
contains preliminary data collected during laboratory heating simulations and post-fire 
soil sampling collected for a project conducted in collaboration with scientists from 
USDA-ARS in Beltsville, Maryland. The objective o f this experiment was to evaluate 
the structural and functional microbial community changes following simulated heating 
and forest fires. These results will be incorporated into a joint publication pending the 
completion of the microbial analyses.
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CHAPTER 2: THE EFFECTS OF WILDFIRE AND PRESCRIBED FIRE ON  
SOIL C AND N DYNAMICS IN A PONDEROSA PINE: FOREST
ABSTRACT
Little is known regarding the relative impact o f  wildfire influences on soil 
biochemical processes if it is preceded by prescribed fire. W e monitored changes in soil 
nitrogen (N) and carbon (C) of a Pinus ponderosaJPseudotsuga menziesii forest that had 
been exposed to prescribed fire followed by wildfire (PBWF), wildfire (WF), prescribed 
fire (PB), and no-fire control. Total N, potentially mineralizable N (PMN), NH 4 +-N and 
NO 3 -N concentrations in WF soils increased immediately after wildfire. Soils exposed 
to prescribed fire before wildfire also had elevated levels o f  total N, PMN and NH 4 +-N 
compared to the control, but the levels were significantly lower than in WF alone. Nine 
months after wildfire, concentrations o f inorganic N dropped to control levels, and PMN 
concentrations became significantly lower than the control. Fire-exposed soils had 
relatively low extractable soil NCV-N, but had notable levels o f NO3 -N accumulation on 
ionic resin sorbed NO3 -N first year following fire. Microbial biomass remained lower in 
all fire-exposed soils throughout this study despite fire intensity and corresponded with a 
low availability of soluble hexose sugars and basal respiration rates. However, with time 
microbial biomass and basal respiration recovered faster in PBWF than in WF soils. 
Mineralization of the labile N was slower in PBWF soils therefore more simple organic N 
forms were retained by this soil. It appears that prescribed fire prior to wildfire may 
attenuate the effects of wildfire on soil and may have predisposed the microbial 
community to the effects of subsequent heating.
INTRODUCTION
Land managers often propose the use prescribed fire to mitigate potential impacts 
of wildfire and as a tool in forest restoration. However, actual mitigating effects o f 
prescribed fire on ecological functions of soils subsequently exposed to wildfire are not 
well documented. Such research could provide insights into the value of prescribed fire 
in restoring ecosystems and protecting fire-suppressed forests from catastrophic wildfires. 
Temperate forests have long been shaped by dynamics o f natural disturbances and human
10
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activity, and are tolerant o f a wide range o f physical perturbations such as windthrow or 
fire (Likens and Borman, 1995). For example, prior to 1900, ponderosa pine (Pinus 
ponderosa Laws.) forests of western Montana experienced non-lethal fire at intervals of 
13-50 years resulting in what has been described as open, park-like, uneven aged stands 
(Amo et al., 1995). Today, largely as a result of reduced fire frequency, many ponderosa 
pine stands are characterized by a dense interior Douglas-fir (Pseudotsuga menziesii 
var.glauca) understory, which gradually leads to Douglas-fir becoming a dominant 
species.
With recognition o f the role o f  fire in maintaining forest health and plans for 
widespread prescribed burning to mimic natural processes (Amo et al., 1995), there is a 
growing need to better understand the effect of fire on nutrient availability, particularly 
nitrogen (N). Biochemical processes in forest soils are highly sensitive to environmental 
change, and therefore, can provide important information about early ecosystem response 
to management activities (Diaz Ravina et al., 1996; Trasar-Cepeda et al., 1998). Prior 
research has shown that both low-intensity prescribed fires and high-intensity wildfires 
increase short-term N availability in mineral soils (Giovannini et al., 1990; Fritze et al., 
1992; Prieto-Femandez et al., 1998). However, most studies also indicate subsequent 
gradual declines in inorganic and labile N concentrations for an indefinite period of time, 
depending on burning intensity, soil water content, climate and other ecological drivers 
that impact post-disturbance recovery (Prieto-Femandez et al., 1998; Neary et al., 1999).
The ecological importance o f  frequent, low-intensity fires lies not only in fire- 
adapted plant communities, but also in fire-adapted soil microbial communities, which 
bolster long-term resilience to natural and anthropogenic disturbances. As microbial
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colonies acclimate to the recently disturbed environment, populations capable o f utilizing 
the short-term release o f inorganic nutrients and simple organic compounds proliferate 
(Diaz-Ravina et al., 1996). Also, vegetation surviving low-intensity fires has the 
potential to intercept the short-term pulse of available inorganic N  (Arianoutsou- 
Faraggitaki and Margaris, 1982).
However, after prolonged periods without fire, forests may develop N-limiting 
conditions for plant growth (Kimmins, 1996; Wardle et al., 1997). The majority of soil N 
is found in an organic form and accumulates either in the organic horizon or mixed with 
the uppermost mineral horizon. Only a small portion o f organic matter undergoes 
microbial decomposition, the majority o f which is rapidly immobilized by soil microbes, 
leaving as little as 0.01% o f total N for plant uptake (Keenan et al., 1995).
Little is known about the relative impact of prescribed fire in actually mitigating 
effects of high intensity wildfire on soils. Such research would provide insight into the 
potential role of prescribed underbuming in protecting soil processes from catastrophic 
fire in these currently fire-suppressed forests. In Fall 1996, a high-intensity wildfire in 
the Bitterroot National Forest burned in a forest stand not exposed to fire in 80 years and 
partially burned an adjacent stand that managers had treated with prescribed fire the 
previous spring. The main objective o f this paper is to assess the effect of prescribed fire 
followed by high intensity wildfire on mineral soil microbial biomass recovery and C and 
N transformations in a ponderosa pine forest.
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M ATERIALS AND METHODS 
Site description
This study was conducted on approximately 16 ha o f a ponderosa pine/Douglas- 
fir forest (Pinns ponderosa Laws.1 Pseudotsuga menziesii var.glauca) located in the 
Bitterroot National Forest, 15 kilometers east of Corvallis, Montana. The stand was 
relatively open with 250 year-old ponderosa pine trees dom inant in the overstory, thickets 
of smaller Douglas-fir trees in the understory and chokecherry (Prunus ceracifera), 
common snowberry (Symphoricarpos albus), ninebark (Physocarpus malvaceous), and 
pinegrass (Calamagrostis rubescens) dominant in the shrub and grass layers. The only 
previous management activity recorded for this stand was a sanitation/salvage in 1978 
when dead and diseased trees were removed. In May 1996 a prescribed fire was applied 
to a site of approximately 40 ha with the purpose o f reducing the accumulation of fuels 
and removing thickets o f small Douglas-fir trees and shrubs. Fuel was estimated as 1.5 
Mg-ha' 1 of fine material (0-8 cm diameter) and 0.2 Mg-ha' 1 o f material greater than 8  cm 
diameter. The bum was completed successfully resulting in 42% fine fuel (O; horizon) 
consumption, and no mortality reported for the overstory trees. In August o f the same 
year, a human-caused fire started in a portion o f the drainage, basin that had not been 
under the spring bum plan. The fire quickly spread through the stand until it reached the 
previously underbumed portion, where intensities were reduced to a low intensity surface 
fire and it was slowly extinguished before it covered the entire prescribed fire area. The 
wildfire only-affected portion experienced complete stand mortality and 1 0 0 % fine fuel
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consumption, while the portion that had been prescribed burned followed by a wildfire 
experienced 50% stand mortality and 70% fuel consumption.
As a result, site selection for this research represented 3 combinations o f wildfire 
and prescribed burning that were compared to a site with no apparent exposure to fire in 
the past 80 years. The sites (approximately 4 ha plots) were as follows: (1) exposed only 
to an August 1996 stand replacing wildfire (WF), (2) exposed to a prescribed fire in May 
1996 and subsequently burned by the 1996 wildfire (PBWF), (3) exposed only to 
prescribed May 1996 fire (PB) and (4) a unbumed control.
Soil characteristics
All sites were within an area with similar topography and climate characteristics: 
slope of 35 to 40%, northeasterly aspect, 1520 meters elevation, mean annual temperature 
of 7°C, and an annual precipitation o f 44 cm. Soils were predominantly loamy-skeletal, 
mixed, frigid Lithic Ustochrepts formed on granite residuum and composed o f 27% sand 
and 10% clay. The O horizon was approximately 11 cm deep and was composed o f 3 cm 
of O i, 5 cm of Oe, and approximately 3 cm o f Oa. The average thickness o f surface 
mineral horizon (ochric epipedon) was 15 cm and depth to decomposed granite parent 
material was 24 cm. There was no evidence of aerial fire retardant use within boundaries 
of the study site. The unbumed control was located at 1 kilometer from the burned area to 
assure no exposure to fire or fire retardant. These unbumed control soils were somewhat 
finer in texture (5% sand and 24% clay). The average thickness of surface mineral 
horizon of the unbumed control soils was 15 cm and depth to parent material was 48 cm.
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Soil samples were collected every spring (late May) and fall (m id September) for 
two consecutive years. Data collection started within the first two weeks after the 
wildfire and continued until Spring 1998. Eight 20-meter transects 20 meters apart were 
laid out along the slope gradient in each fire scenario. Eight 10-subsample composite 
samples of surface mineral horizon (0 - 1 0  cm) were collected along the eight transects at 
random intervals along the eight transects. Bulk samples were mixed and all visible 
debris and coarse fragments were removed, before the single sample was drawn. The 
same procedure and transects were used in Fall 1996 to obtain Oe and Oa (organic) 
horizon samples. Additional estimates of organic horizon volume and density were 
obtained in the spring o f 1997 by driving a 20 cm diameter PVC ring down to the surface 
o f mineral soil along the transects to remove the organic horizon. In Spring 1997 we 
buried four PST-2 ionic resin capsules (Unibest, Bozeman, MT) 8  cm  deep in each of 8  
transects. The capsules remained in the soil for 2 months to be removed and brought to 
the lab where they were stored in the freezer prior to analyses.
Laboratory analyses
Bulk samples of fresh soil were sorted to remove all visible root mass and coarse 
fragments (>2 mm). A subsample was drawn for gravimetric water content (WC) 
(Gardner, 1986). Fresh soil and organic horizon samples (25 g oven dry equivalent) were 
shaken with 50 ml of 2A/KC1 for 30 minutes and filtered through Whatman # 42 filter 
paper. Extracts were analyzed for NH 4 +-N using the Berthelot reaction (Willis et al., 
1993) and NO3 -N by nitration o f salicylate (Yang et al., 1998). Microbial biomass was
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determined by the fumigation/extraction method in which ninhydrin-reactive N  was 
analyzed as described by Joergensen and Brookes (1990) and modified by DeLuca and 
Keeney (1993). Biomass C was calculated as difference between ninhydrin reactive N in 
fumigated samples and the control, multiplied by a factor o f 21, while biomass N was 
calculated as difference between ninhydrin reactive N in fumigated samples and the 
control, multiplied by a factor of 3.1 (Joergensen and Brookes, 1990).
Potentially mineralizable nitrogen (PMN) was determined by a 14-d anaerobic 
incubation in which 5 g of moist soil or organic horizon was placed in a centrifuge tube 
with 12.5 ml o f nanopure water and the air space displaced by N2  gas (Hart et al., 1994). 
After a 2-week incubation at 25°C, 12.5 ml o f 4A/KC1 was added to each tube to create a 
2A/KC1 extracts. Soils were shaken for 30 minutes, filtered and analyzed for NH4 +-N, as 
described above. Soluble hexose sugar concentrations measured as anthrone reactive 
carbon (ARC) were determined on O.5 M K 2 SO4  extracts obtained from 25 g o f  fresh soil 
and organic horizon (soil to extract ratio o f 1:2) and analyzed within 48 hours post 
sampling by using the method described by DeLuca (1998). Microbial respiration was 
measured during a 3-day aerobic incubation by using alkaline traps (Zibilske, 1994).
Fifty grams o f fresh soil was brought to 60% water holding capacity and placed in a Ball 
Mason jar, and an open vial containing 20 ml o f l.VNaOH was carefully placed atop the 
soil, then sealed with a screw top and incubated at 25°C. The CO2  traps containing 
NaOH were then quantitatively transferred to 200 ml flasks, 24 ml of IN  BaCh and 5 
drops of phenylthaleine indicator solution added, and the solution titrated with 1 .OA'' HC1 
to a clear end point. Inorganic N was extracted from ionic resin capsules by shaking
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
17
them in 3 successive 25-ml volumes of 2A/HC1 (creating a  75 ml sample). Extracts were 
analyzed for resin extractable NO3 -N following the method as described above.
The remaining fresh soil material was air dried, sieved to pass through a 2-mm 
mesh and analyzed for pH in 0.0lAf CaCh (soil to extract ratio of 1:2). Subsamples were 
fine ground to pass through a 76-pm sieve and analyzed for total C and N by using a 
Fissions EA1100 dry combustion CNSHO analyzer (Fissions Inst. Inc., Milan, Italy). 
Organic horizon samples obtained in the spring 1997 were oven dried at 102°C, and the 
horizon density estimated based on mass and horizon depth.
Statistical analysis
Field replication was performed within treatment units (as ex post facto 
experiment and due to physical space limitations within the area exposed to the wildfire 
and prescribed fire), thereby resulting in pseudoreplication. However, with a large 
number o f replicates and a random pooling of transect subsamples, we hoped to avoid 
statistical incoherence. Data were analyzed using Statistical Analysis System (SAS 
Institute, 1997) by using a T-test to individually perform a  pairwise comparison between 
the burned soils and the unbumed control while avoiding pooling o f variance across 
treatment units. Homogeneity of variance was tested with a folded F-statistical test, and 
degrees o f freedom were computed by Satterthwaite’s approximation in case of unequal 
variances. Pearson’s correlation was run on resin NCb'-N and PMN (n=32) and between 
biomass C, ARC and CO2  evolution (n=8 ). We calculated the following ratios for each 
treatment separately: biomass N/total N, PMN/total N, PMN/biomass N, NlV-N/PM N,
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biomass C/total C, ARC/biomass C, CC^/biomass C (qCOi), and CO2 /ARC (CO 2  
coefficient). Results from the chemical analyses of mineral soil are reported in pigg " 1 
oven-dried weight, and Oa is reported in mass per volume units of pgcnT3.
RESULTS AND DISCUSSION
Fire consumed 100% of the organic horizon in WF, 65% in PBWF and 42% in PB 
(Table 2.1). Chemical analysis of remaining fire-exposed organic horizon in Fall 1996 
showed significant increases in NH4 +-N and total N but reduced labile N (PMN) per unit 
volume. PMN concentrations in PBWF and PB organic horizons were significantly 
lower than in the unbumed control, suggesting that the majority of labile N  originally 
present on site prior to prescribed underbum, was lost from the organic horizon through 
erosion, translocation to the subsurface mineral soil, or mineralization. These results are 
similar to those by Jurgensen et al. (1981) who observed significant losses o f labile N 
from organic horizons following fire.
Soil N transformations
Mineral soil analysis showed that in Fall 1996 total N, PMN, NH4 +-N, and NO 3 '- 
N concentrations in fire-exposed soils were significantly higher than the unbumed control 
with the highest total N contents observed in WF and PBWF soils (Table 2.2). However, 
by Fall 1997 total N in WF and PBWF equaled those of the PB. Total N  in the unbumed 
control soils remained consistently lowest o f all soils throughout the study.
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PMN concentrations in wildfire-exposed soils were 4 times (WF) and two times 
(PBWF) higher than in the unbumed control (Table 2.2). This immediate increase in soil 
labile N concentrations likely resulted from downward translocation o f labile N released 
from fire-consumed litter and soil organic matter, fire-killed vegetation, and microbial 
biomass (Fritze et al., 1992; Neary et al., 1999). In contrast, the lowest soil PMN 
concentrations in PB soils corresponded with enhanced mineralization o f  simple organic 
N compounds to NH4 +-N (DeLuca and Zouhar, 2000) between Spring and Fall 1996 
sampling.
In Spring 1997 PMN concentrations in WF and PBWF soils also declined below 
unbumed control levels and remained lower until the end o f study. However, by Spring 
1998, labile N increased by 33% in WF and by 99% in PBWF soils compared with their 
average concentrations from Spring and Fall 1997. Although PMN content in fire- 
exposed soils represented only a small portion of total N (consistently low ratio of 
PMN/total N) (Figure 2.1), the annual turnover of grass established after fire may rebuild 
soil PMN pool, structurally and chemically different than that o f the pre-fire forest 
(Andreu et al., 1996).
NH4 +-N concentrations in fire-exposed soils remained significantly higher than 
the unbumed control for one year (Table 2.2). In research by Dunn et al. (1985), the 
concentration of inorganic N  was positively correlated with burning intensity and 
proportion of total organic horizon consumed. They hypothesized that a portion of the 
inorganic N released from the overlaying organic layer recondensed and leached down 
into the mineral soil. Inorganic N increase immediately after fire have also been reported 
by Kovacic et al. (1986) and Covington and Sackett (1992). PBWF soils had the lowest
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NH4 +-N concentration o f all fire-exposed soils, possibly a result o f  combined N 
mineralization induced by the prescribed bum and subsequent chemical oxidation by the 
wildfire. Because the prescribed bum consumed a significant amount o f the insulating 
organic horizon, surface temperatures may have become high enough to volatilize 
significant quantities of N during the wildfire. For example, Giovannini et al. (1990) 
demonstrated that NHt+-N concentrations in mineral soil decreased rapidly after soil 
samples were exposed to temperatures exceeding 220°C.
The NH»+-N concentrations in WF and PBWF soils remained significantly higher 
than the no-fire unbumed control until Spring 1998, while in PB soils NHt+-N dropped to 
levels similar to the unbumed control by Spring 1997 and became significantly lower 
than the unbumed control by Spring 1998.
The ratio of N lV-N/PM N as an index of change in these pools after fire had 
elevated values in WF soils until Fall 1997 suggesting enhanced labile N mineralization 
(Figure 2.1). In contrast, lower NH4 +-N/PMN ratio for PBWF and comparable to PB and 
the unbumed control soils, indicates slower PMN turnover with possible retention of 
simple organic N forms.
Fire immediately increased soil NCV-N concentrations only in WF soils, where 
on average, it was nearly three times higher than the unbumed control (P<0.05). Nitrate 
increase after fire resulted from nitrification of fire-released N lV -N  after the soil was 
recolonized by population of heat-sensitive nitrifiers (Fritze et al., 1994; Neary et al.,
1999). Soil N 0 3 *-N concentrations remained elevated only in WF soils until the study 
was terminated. However, the cumulative amount of NCV-N sorbed to mixed bed ionic 
resins (2-month incubation) during Summer 1997 demonstrated significant levels of net
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N 0 3'-N accumulation in all fire-exposed soils (Table 2.3). The greatest quantity o fN 0 3 - 
N sorbed to the resins was in WF soils (88.4 fag-capsule'1) followed by PBWF soils (23.5 
jag-capsule'1). Similar increase in net N 03'-N accumulation observed by Kaye and Hart 
(1998) was attributed to reduced rates of N 0 3-N immobilization.
Additionally, a  strong positive correlation between resin-sorbed N 0 3'-N and PMN 
concentrations for WF and PBWF soils in Spring 1997 suggests enhanced 
chemoautotrophic nitrification. Conversely, a weak correlation between resin N 0 3'-N 
and PMN in the unbumed control, in combination with small net N 03'-N accumulation 
(1.29 jag capsule'1) and the lowest net soil N 0 3'-N concentrations in Spring and Fall 
1997, suggests either: (1) restricted nitrification due to competitive NH4 +-N uptake by 
heterotrophic microorganisms (Bauhus et al., 1993); (2) rapid N 0 3'-N immobilization 
(Stark and Hart, 1997); (3) altered pathway o f N 0 3’-N production not linked to the 
autotrophic NFLT-N (Barraclough and Puri, 1995; Barraclough, 1997); or (4) a 
combination o f these explanations.
Changes in microbial biomass
Fire significantly reduced the amount of microbial biomass C in both mineral 
soils and organic horizons in Fall 1996 (Tables 2.1 and 2.4) as also observed by Hossain 
et al. (1995) and Prieto-Femandez et al. (1998). Soil microbial biomass C concentrations 
remained low in all fire-exposed sites until the study ended. Suppressed microbial 
biomass recovery has been reported elsewhere (Vazquez et al., 1993; Prieto-Femandez et 
al., 1998), resulting from release of chemicals inhibiting fungal growth (Diaz-Ravina et
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al., 1996) and a limited supply o f available C (Bauhus et al., 1993). For example, 
Pietikainen and Fritze (1993) reported that the length o f fungal hyphae did not reach 
unbumed unbumed control hyphae length within the first 3 years following fire. 
Interestingly, starting from Spring 1997, microbial biomass C concentrations in PBWF 
soils were always higher than in WF soils, suggesting their faster recovery (Table 2.4).
All fire-exposed sites demonstrated continuously reduced biomass N/total N (70% 
less than unbumed control) and biomass C/total C ratio (80% less than unbumed control) 
throughout the study (Figures 2.1 and 2.2) also observed by Prieto-Femandez et al.
(1998). Conversely, the same ratios were notably high in the unbumed unbumed 
control, suggesting that a significant portion of the relatively small soil C and N pools 
were tied up in the microbial biomass.
Several authors indicate that the relationship between biomass N and PMN could 
provide a sound estimate o f microbial turnover (Hart et al., 1986; Myrold, 1987) (Figure 
1). In our study the PMN/biomass N ratio was consistent and low for PB, PBWF and the 
unbumed control, but dropped markedly in WF soils in Spring 1997 rebounding by Fall 
1997. This could indicate fire-induced temporary depletion o f labile N supplies below 
microbial demand. The subsequent recovery of the PMN/biomass N ratio in Fall 1997 
suggests increased PMN from senescing perennial vegetation and annual grass turnover.
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Soil C transformations
In Fall 1996 concentrations of hexose sugars (soluble ARC) in the organic 
horizon of PBWF and PB were significantly lower than in the unburned control (Table 
2.1). At the same time, WF soils had significantly higher levels o f soluble ARC than the 
unbumed control (Table 2.4), however, in the course of winter season, it declined to 
levels similar to the unbumed control. Interestingly, the ARC levels in PBWF soil were 
consistently lower than the WF soil throughout the study. The initial disturbance-induced 
increase of hexose sugars was probably rapidly immobilized, leached, or mineralized 
(Fernandez et al., 1997; DeLuca and Zouhar, 2000).
High concentrations o f soluble ARC in WF likely resulted in increased basal soil 
respiration rates in Fall 1996 (Table 2.4). With time reduced available C concentrations 
resulted in lower rates of CO2  evolution in all three fire-exposed soils starting as early as 
Fall 1996 in PB soils and Spring 1997 in WF and PBWF soils. However, of all fire- 
exposed sites, PBWF soils had the highest levels of basal respiration and remained 
significantly higher than the WF soil through the Spring o f 1998.
A strong correlation between CO2  evolution and soluble ARC was observed in 
Fall 1996 in WF, PBWF and PB soils (strongest in PB soils at r=0.98, P^).01). This, in 
combination with a weak correlation between ARC and biomass C and lack of correlation 
between CO2  evolution and biomass C, suggests slower microbial biomass recovery at 
this early post-fire stage (i.e., CO2  evolution from direct C utilization during maintenance 
respiration rather than from rebuilding the microbial biomass). Similarly, Baath and 
Amebrant (1994) observed increased respiration rates without increased growth rates. In
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contrast, the unbumed control lacked a strong CO2  and ARC correlation, but at the same 
time demonstrated a very strong correlation between ARC and biomass C, and between 
CO2  and biomass C suggesting use of simple hexoses for microbial growth.
The strength of correlation between ARC and biomass C for PBWF soils 
significantly improved in Spring 1997 (r=0.73, P<0.01) and became highly significant in 
WF soils the following fall (r=0.68, P<0.01). We believe this suggests that microbial 
populations became competitive for a limited C source. The prescribed fire may have 
facilitated development of a stress tolerant microbial population that could more rapidly 
recover after subsequent wildfire. Large populations o f spore forming bacteria and algae 
found after laboratory soil heating simulations by Vazquez et al. (1993) support this 
scenario. This was also demonstrated by the consistently greatest ratio o f  ARC/biomass C 
in WF soils throughout the study (Figure 2.2). In contrast, in PBWF and PB soils this 
ratio remained comparable to the unbumed control. Additionally, the CO 2  coefficient 
(CO2 /ARC) that represents the allocation of soluble ARC for microbial respiration 
(Figure 2.2), was the lowest in WF soils while in PBWF soils it demonstrated the highest 
value suggesting more efficient biological mineralization of hexose sugars hence the 
fastest microbial recovery.
Fire also had a significant effect on qCO2  (CC^/biomass C) (Figure 2.2). This 
ratio was consistently high in WF soils and low in the unbumed unbumed control while 
the PBWF and PB soils had modestly higher qCC>2 throughout the study. According to 
Wardle and Ghani (1995), disturbance increases soil qCC>2 . Low values in the unbumed 
unbumed control were likely due to undisturbed conditions, where the environment was 
dominated by complex detrital food webs o f highly competitive fungal populations
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(Fritze et al., 1994). Rapid change in substrate composition post disturbance and 
drastically reduced fungal communities (both hyphae and propagules) in fire-exposed 
sites lead to CO2  evolved directly from non-structural simple organic substrates and high 
demand for C during fire recovery (Fritze et al., 1994; Vazquez et al., 1993).
CONCLUSIONS
Our research demonstrated the role of prescribed fire in mitigating effects o f high 
intensity wildfire on soil processes. Overall, the soils we studied exhibited significant 
change in microbial activity and C and N transformations for 2 years following fire, even 
though concentrations of inorganic N had returned to pre-fire levels within the first year. 
Soils exposed to the high intensity wildfire had elevated levels o f  total N, PMN, NK»+-N, 
and NO3-N. PBWF soils demonstrated somewhat elevated (but significantly lower than 
WF soils) levels o f total N, PMN and NH4+-N. The following spring, levels of total N 
and PMN declined significantly in all fire-exposed sites compared to levels immediately 
after the wildfire and the unbumed control while the inorganic N concentrations in WF 
soils remained consistently elevated. Despite low net concentrations o f NCV-N in fire- 
exposed soils the first year following fire, net NCV-N accumulation was highest in the 
WF soils resulting in a large pool o f plant available inorganic N. Significantly lower, but 
still elevated NCV-N accumulation in PBWF compared with WF soils in addition to 
slower mineralization of the labile N  pool suggested more simple organic N forms being 
retained.
Microbial biomass remained low in all fire-affected soils throughout this study. 
Slow microbial recovery corresponded with a low availability o f labile C and low basal
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respiration rates. Microbial recovery in the PBWF soil progressed at a faster rate than 
WF soil and, with time, biomass C and basal respiration increased to levels twice that of 
the WF soils. Interestingly, despite the fact that the quantity of hexose sugars per unit 
microbial biomass in PBWF soils was low and comparable to the no-fire unbumed 
control, and N mineralization and nitrification were lower than in WF soils, microbial C 
and N demand in PBWF soils seemed to be satisfied. In contrast, altered sources and 
modes of use of available C in WF soils, as well as possible N limitations, resulted in a 
reduction in the WF soil microbial biomass pool.
Slow microbial biomass recovery during the first year following fire created an 
opportunity for fire-surviving plants and pioneer species to take advantage o f  a less 
competitive environment and intercept a large pool of available NCh'-N. The presence of 
lush grass on WF and PBWF sites appeared to begin the PMN pool recovery, which was 
structurally and chemically altered compared to the pre-fire forest (different organic 
matter quality and turnover rates). However, the same grass could potentially compete 
with tree seedlings on the WF site, which experienced complete mortality o f  mature trees. 
In contrast, surviving mature trees on PB and PBWF sites would act as recipients o f this 
rejuvenated labile N pool.
Our results indicate that prescribed fire will not only reduce wildfire severity, but 
may also improve resistance o f soil microbial communities to subsequent wildfire.
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Table 2.1. Selected organic (Oe and Oa) horizon characteristics for wildfire (WF), 
prescribed fire followed by a wildfire (PBWF), prescribed fire (PB) and unbumed 
control in Fall 1996.
Characteristic WF PBWF PB Control
Depth (cm) 0 .0 *** 3.3** 6.3** 1 0 . 8
Bulk density (g-cm'3) - 0.17 0.24 0.16
PMN (pg- cm'3) - 83.6** 190*’ 354
NH4 +-N (pg- cm'3) - 18.8** 2 0 .1 ** 9.6
Biomass C (pg- cm'3) - 1140** 3650” 5690
ARC (pg- cm'3) - 31.7** 32.7” 90.8
Total C (g kg'1) - 256** 216” 139
Total N (g-kg'1) - 10.3*’ 9 .2 - 5.4
T/- Difference between treatments and controls determined by T-test. Probability o f  mean 
separation indicated by ** = P<0.01.
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Table 2 .2 . Soil N characteristics: potentially mineralizable nitrogen (PMN), ammonium 
(NH4 +-N), nitrate (NCb’-N), and total N for wildfire (WF), prescribed fire followed 
by a wildfire (PBWF), prescribed fire (PB) and unbumed control measured 
seasonally.
Time Treatment PMN N H /-N N 0 3-N Total N
WF 41.4*’t
(Pg g ‘) 
19.5** 6 .6 *
(g-kg'1)
3.3“
Fall 1996 PBWF 20.3** 6.3“ 3.3 2.9“
PB 8.5*’ 1 0 .6 *’ 3.0 2 .j
Control 1 1 . 2 1.9 2.4 1 . 2
WF 7.4** 7.5“ 2.9“ 2.7**
Spring 1997 PBWF 9.1** 4.0* 1.4“ 2 .6 **
PB 8 .0 “ 1 . 2 0.4 2 .2 “
Control 20.7 1.7 0.4 1 . 2
WF 7.6** 6 .1 “ 5.8** 1.9“
Fall 1997 PBWF 4.8 4.0* 1 . 6 1.9**
PB 1 1 . 6 1.7 1 . 6 1.9“
Control 18.0 2 . 2 1.3 1 . 1
WF 10.0** 0.8 3.0** 2.2**
Spring 1998 PBWF 13.8* 1.0 0.8 2.5**
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PB 9.8 0.3 0.7
Control 17.9 0.7 0.6
T/- Difference between burned soils and unbumed controls determined by T-test. 
mean separation indicated by ** =  P<0.01 and by *= P<0.05.
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Table 2.3. Resin sorbed nitrate (resin NCV-N) and correlation between resin NO 3 -N and 
soil potentially mineralizable nitrogen (PMN) for wildfire (WF), prescribed fire 
followed by a wildfire (PBWF), prescribed fire (PB) and unbumed control measured 
in Summer 1997.
Treatment Resin NCV-N Resin NC>3 '-N:PMN Correlation
(pg-capsule*1)
WF 88.4*** 0.75**
PBWF 23.5** 0.71”
PB 10.4** -0.01
Control 1.3 -0.87
'/- Difference between treatments and controls determined by T-test. Probability o f  mean 
separation indicated by ** = P<0.01.
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Table 2.4. Soil C characteristics: microbial biomass C (Biomass C), hexose sugars
(ARC), basal respiration (CO2  evolution), and total C for wildfire (WF), prescribed
fire followed by a wildfire (PBWF), prescribed fire (PB) and unbumed control.
Time Treatment Biomass C ARC CO2  evol. Total C
---------- f a g g '1)---------- (mgg*l d‘l) (g’kg“ )
WF 249 12.7**+ 0.33** 67*’
Fall 1996 PBWF 342 3.6 0 . 2 2 6 l “
PB 290 2 . 2 0.17“ 48“
Control 327 4.7 0 . 2 0 24
WF 134** 3.6 0.15“ 54“
Spring 1997 PBWF 141** 2 .1 “ 0.18“ 59“
PB 117“ 2.3* 0.13 46“
Control 237 3.9 0 . 2 1 25
WF 54** 4.1“ 0.09 34“
Fall 1997 PBWF 00 00
• • 2.9“ 0.13 40**
PB 132** 4.1* 0 . 1 0 36“
Control 273 5.5 0 . 1 1 19
WF 52“ 1.9“ 0.08“ 41**
Spring 1998 PBWF 104** 1.5“ 0.13 53’*
PB 140** 2.5* 0.15 43“
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Control 202 3.1 0.12 20
7- Difference between treatments and controls determined by T-test. Probability o f  mean 
separation indicated by ** = P<0.01 and by *= P<0.05.
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Figure 2.1. Seasonal changes in biomass N/total N, PMN/total N, PMN/biomass N, and
NH4 +-N/PMN (± 1SE) calculated for wildfire (WF), prescribed bum followed by a
wildfire (PB WF), prescribed fire (PB) and unbumed control.
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Figure 2.2. Seasonal changes in biomass C/total C, ARC/biomass C, qCC>2 (C02tbiomass
C), and CO2  coefficient (C02:ARC) (± 1SE) calculated for wildfire (WF), prescribed
bum followed by a wildfire (PBWF), prescribed fire (PB) and unbumed control.
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Photograph 2.1. Site exposed to stand replacing wildfire (WF) in Fall 1996.
Photograph 2.2. Site exposed to prescribed fire followed by a wildfire (PBWF).
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Photograph 2.3. Site exposed to prescribed fire (PB) in Fall 1996.
Photograph 2.4. Control site in Fall 1996.
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CHAPTER 3: THE EFFECTS OF SELECTION HARVEST AND PRESCRIBED 
FIRE ON SOIL N AND C TRANSFORMATIONS IN A PONDEROSA PINE 
FOREST
ABSTRACT
One hundred years o f fire exclusion has brought a significant change in ponderosa 
pine (Pinus ponderosa Laws.) ecosystem. Selection harvest and harvest with prescribed 
burning have been identified as possible restoration management strategies, however, 
their effects on belowground processes linked to long-term forest productivity are still 
unknown. We evaluated the effects o f no-harvest with prescribed bum (NHB), whole- 
tree selection cutting followed by prescribed bum (H1B), whole tree selection cutting 
with 50% tops returned followed by prescribed bum (H2B), whole-tree selection cutting 
with no bum (H1N), and non-managed control on carbon (C) and nitrogen (N) 
transformations. Prescribed fire resulted in an immediate net increase in soil total C and 
N, inorganic N, and soluble ARC in all fire-exposed soils immediately post-fire, with the 
greatest increase in NHB soil. However, with time most indices dropped to levels similar 
to or below prebum levels, except for inorganic N. NH 4+-N concentrations remained 
elevated in all fire-exposed soils, especially in H2B and corresponded with increased 
gross ammonification rates and reduced microbial immobilization. Although whole tree 
harvest with 50% tops returned appeared to have the highest labile N (potentially 
mineralizable N) and NH4 +-N both in mineral soil and organic horizon 9 months after 
fire, it is too early to evaluate the long-term effects of this restoration practice. In 
contrast, bum without harvest demonstrated slightly greater impact on soil C and N, but 
not notably different than harvest with bum, meaning restoration management can be 
performed without prior operational harvest in terms of effects on soils.
INTRODUCTION
Ponderosa pine (Pinas ponderosa Laws.) forests are the predominant forest type 
o f the western United States. Prior to 1900 these forests experienced non-lethal fire at 
intervals of 13-50 years resulting in open, park-like, uneven-aged stands (Amo et al.,
1995). Today, largely as a result o f selective logging and reduced fire frequency because 
o f cultural biases against burning, many ponderosa pine stands are undergoing profound
41
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ecological change. These stands are characterized by dense understory of small Douglas- 
fir (Pseudotsuga menziesii var.glauca) trees, the presence o f which leads to a gradual 
transition o f forest composition. The increased density o f the understory combined with 
a heavy litter layer and ladder fuels also makes ponderosa pine forests more susceptible 
to insect and disease damage and to catastrophic, stand replacing wildfire (Tiedemann et 
al„ 2000).
Soil nutrient cycling in fire-excluded second-growth ponderosa pine/Douglas-fir 
forests is poorly understood. This process is intimately linked with the rate of C turnover 
through the natural process o f decomposition. Death and decay o f live biomass 
contributes to the gradual build up of a litter that sequesters plant nutrients (Stark and 
Hart, 1997). Supplies o f these nutrients can eventually become limiting due to their slow 
release from recalcitrant organic matter and increased competition between 
microorganisms and higher plants.
It is not clear how 100 years of fire exclusion has influenced the sustainability and 
productivity of ponderosa pine forests, considering the stand deterioration and change in 
ecosystem patterns and processes (Kaye and Hart, 1998). Selection harvest and harvest 
with prescribed fire have been identified as potential forest management strategies to aid 
in restoration of ponderosa pine to historic stand structures (Fiedler, 1996). To date, 
there has been limited attention given to the ecological effects o f selection cutting 
combined with prescribed burning in forest ecosystems (Pietikainen and Fritze, 1995; 
Kaye and Hart, 1998).
Belowground biogeochemical processes are highly sensitive to environmental 
changes, and therefore may provide an important early ecosystem response to forest
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management strategies aiming to restore ponderosa pine stands. It is known that fire 
alone results in an increase in net N mineralization via removal of a portion o f  the forest 
floor (Covington and Sackett, 1992), volatilization o f terpenoids thought to inhibit 
mineralization (White, 1994), transformation o f organic N compounds to more 
decomposable forms (Pietikainen et al., 2000), and killing soil microbial biomass 
(Hernandez et al., 1997). The resulting release o f inorganic N immediately following 
burning o f ponderosa pine forests has been reported in numerous papers (Kovacic et al., 
1986; Monleon et al., 1997) and this increase is considered to improve short-term site N 
fertility in ponderosa pine forests (Covington and Sackett, 1992).
However, we do not yet fully understand the consequences of the reintroduction 
o f fire after long periods o f suppression and what it means for long-term forest stand 
productivity. In a long-term study in northern Arizona, Peterson et al. (1994) prescribed 
fire at intervals o f  4 to 6 years appeared to effectively reduce fuels without detrimental 
impact on tree growth. However, Grier (1989) observed that the productivity of 
ponderosa pine forests declined following first entry fire treatments. Monleon et al.
(1997) suggested that the observed short-term increase in inorganic soil N following 
prescribed fire results in reduced long-term N mineralization potential and that this 
reduction in N fertility might partially explain the reduced stand growth described by 
Grier (1989). Variation in some factors related to certain soil characteristics or bum 
parameters can account for different stand productivity response to restoration treatments 
(DeLuca and Zouhar, 2000). The purpose o f this research was to evaluate selection 
cutting and prescribed fire management scenarios on C and N transformations by
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monitoring changes in nutrient composition o f mineral soil and organic horizon with 
time.
MATERIALS AND METHODS
Site description
This research was established on approximately 20 hectares o f a ponderosa 
pine/Douglas-fir forest (Pinus ponderosa Laws JPseudotsuga menziesii var.elauca') 
located in the Bitterroot National Forest (Lost Horse Creek drainage), 16 kilometers west 
o f Hamilton, Montana. Plots about 4.0 ha on average were set out in Summer 1996 and 
sampling design o f each o f  the treatments was laid out on 8 replicated 20 meter-long 
transects placed 20 meters apart. Detailed layout o f these plots was confirmed by 
photopoints established in September 1996. All plots fell within similar soil, topography, 
and climate conditions. The site has a slope of 12%, a northeasterly aspect, an elevation 
o f 1280 meters, a mean annual temperature o f 8°C, and a mean annual precipitation of 46 
cm. Soils were predominantly sandy-skeletal, mixed frigid Typic Ustochrepts formed on 
granite glacial till. Soils were gravelly sandy loam texture o f  15% clay and 35% sand by 
volume. Plots were harvested in October 1996 and burned in October 1998 after which 
the pre-treatment transect anchors were reestablished.
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Forest restoration management scenarios
The following treatments were assigned to selected sites: no harvest with no bum 
(control), no harvest with prescribed bum (NHB), whole tree selection cutting followed 
by prescribed bum (H1B), whole tree selection cutting with 50% tops returned followed 
by prescribed bum (H2B), and whole tree selection harvest with no bum (H1N). The 
silvicultural prescription included several treatments with the following objectives: 
improvement cutting to reduce composition of firs in the overstory in favor of ponderosa 
pine, selection cutting to reduce overall canopy density and promote regeneration of 
shade-sensitive ponderosa pine, and sanitation cutting to remove the dwarf mistletoe and 
bark beetle infected Douglas-fir and grand fir trees (Abies grandis). The main purpose of 
the overall restoration treatment was to recreate an uneven-aged stand dominated by large 
ponderosa pine trees (minimum 14 m2 of basal area per hectare), with only a minor 
component o f Douglas-fir and grand fir in the understory. Most sub-sawtimber size trees 
(<15 cm dbh) that could serve as ladder fuels, and cut limbs, tops and trees (<10 cm dbh) 
were removed from the H1B and H1N sites, while 50% o f limbs, tops and cut trees (<10 
cm dbh) were left on the H2B site. Estimates o f total woody fuel loading were as 
follows: 23.3 Mg-ha'1 (NHB), 16.6 Mg-ha'1 (H1B), and 38.2 Mg-ha'1 (H2B). Depth of 
organic horizons in these plots was 3.9, 2.8, and 3.2 cm, respectively. The prescribed 
burning reduced total woody fuels to 9.2 (61%), 10.2 (39%), and 8.4 (78%) Mg-ha'1, and 
organic layer to 1.7 cm (56% reduction), 1.8 cm (36% reduction), and 2.2 cm (45% 
reduction) in NHB, H1B and H2B plots, respectively. On average, burning resulted in
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survival o f 80% of trees (> 25 cm dbh) and 70% of pole-size trees (18-25 cm in 
diameter).
Soil sampling and laboratory analyses
Plots were sampled 4 times: before harvest to confirm the pre-treatment site 
uniformity (Fall 1996), 1 day before bum (2 years post harvest), 2 days after the bum, 
and 9 months after bum (3 years post harvest). Eight 10-subsample composite samples 
o f mineral soil (0-10 cm) were collected along the eight transects at previously randomly 
assigned intervals along each transect, which then became stops for the next consecutive 
sampling episodes. Bulk samples were mixed and all visible debris (O i horizons) and 
coarse fragments were removed before a single sample was drawn. The same procedure 
and transects were used to obtain organic ( O e and O a combined) horizon samples. 
Additional estimates of organic horizon volume and density were obtained by driving a 
20-cm diameter PVC ring down to the surface of mineral soil along the transects.
Within 24 hours of field sampling, all mineral soil and organic material was 
processed for further analyses. Mineral soil, organic horizon and ash samples were 
analyzed for: water content, bulk density, pH, basal respiration (3-day CO2  evolution), 
potentially mineralizable nitrogen (PMN), extractable ammonia (NFLt+-N)> extractable 
nitrate (NCb'-N), soluble sugars (soluble ARC), microbial biomass (biomass C and 
biomass N), and total C and N. Samples collected in 1996 were analyzed for water 
content, pH, microbial biomass, and total C and N only. Subsamples of fresh soil 
material and organic horizon were drawn for gravimetric water content (WC) (Gardner,
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1986). Fresh soil and organic horizon samples (25-g oven-dry equivalent) were shaken 
with 50 ml of 2M  KC1 for 30 minutes and filtered through Whatman # 42 filter paper. 
Extracts were analyzed for NH 4 +-N using the Berthelot reaction (Willis et al., 1993) and 
NCV-N by nitration o f salicylate (Yang et al., 1998).
Microbial biomass was determined by the fumigation/extraction method in which 
ninhydrin-reactive N was analyzed as described by Joergensen and Brookes (1990) and 
modified by DeLuca and Keeney (1993). Biomass C was calculated as the difference 
between ninhydrin-reactive N in fumigated samples and the control, multiplied by a 
factor of 21, while biomass N was calculated as difference between ninhydrin reactive N 
in fumigated samples and the control, multiplied by a factor of 3.1 (Joergensen and 
Brookes, 1990).
Potentially mineralizable nitrogen (PMN) was determined by a 14-d anaerobic 
incubation in which 5 g of moist soil or organic horizon was placed in a centrifuge tube 
with 12.5ml o f nanopure water and the air space displaced by N 2  gas (Hart et al., 1994). 
After a 2-week incubation at 25°C, 12.5 ml of 4A/KC1 was added to each tube to create a 
2A/KC1 extract. Soils were shaken for 30 minutes, filtered and analyzed for NH4+-N, as 
described above.
Soluble sugar concentrations measured as anthrone reactive carbon (ARC) were 
determined on O.5 A/K 2 SO4  extracts obtained from 25 g o f fresh soil and organic horizon 
(soil to extract ratio of 1:2) and analyzed within 48 hours post sampling by using the 
method described by DeLuca (1998). Microbial respiration was measured during 3-day 
aerobic incubation by using alkaline traps (Zibilske, 1994). Fifty grams o f fresh soil 
brought to 60% water holding capacity was placed in a Ball Mason jar, and an open vial
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containing 20 ml of lA^NaOH was carefully placed atop the soil, then sealed with a 
screw top and incubated at 25°C. The CO2  traps containing NaOH were then 
quantitatively transferred to 200 ml flasks, 24 ml of 2N  BaCl2 and 5 drops of 
phenylthaleine indicator solution added, and solution titrated with 1.0N  HC1 to a clear 
end point. The remaining fresh soil material was air dried, sieved to pass through 2 mm 
mesh and analyzed for pH in O.OlAf CaCl2  (soil to extract ratio of 1:2). Subsamples were 
fine ground to pass through 76 pm sieve and analyzed for total C and N by using a 
Fissions EA1100 dry combustion CNSHO analyzer (Fissions Inst. Inc., Milan, Italy). 
Organic horizon samples were oven dried at 102°C and the organic horizon density 
estimated based on mass and thickness.
Isotope dilution study
To assess gross rates of N mineralization the l5N isotope dilution method was 
employed on intact mineral soil cores (5 cm diameter by 12 cm deep) placed in two 
unharvested sites (bum and the control) 9 months after the fire. Five plots distributed 
over 0.1 ha at each site were used to place four intact soil cores. Two out of four mineral 
soil cores (to and t24) at each plot received eight 1 -ml injections of a solution containing 
( 15NH4 )2 S0 4  and the remaining two were injected with Kl5NC>3 (approx. 6  and 8  mg N/kg 
OD soil for NH4 + and NO3 ' cores respectively). Immediately after injection two to cores 
(one 15NH4 and one ,5NC>3 from each plot) were immediately excavated and stored on ice 
until laboratory analysis, while two t2 4  cores were returned to their original space in the 
ground for 24-hour incubation. Gross rates o f N mineralization were calculated based on
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dilution differences in 15 +14 N pools between to and t2 4  using equations by Kirkham and 
Bartholomew (1954). Unfortunately, due to technical difficulties that occurred in the 
process o f sample analysis, we lost a significant number of replicates.
Statistical analysis
Data were analyzed using Statistical Analysis System (SAS Institute, 1997, Cary, 
NC) by using a T-test for mean comparison between each o f  4 treatments and the control. 
Physical space limitations and need for an operational level o f  harvest to avoid the 
artifice o f research plot-scale harvest activity, forced us to treat the eight transects for 
each management unit as pseudoreplications. However, with a large number of replicates 
and a random pooling of transect subsamples, we hoped to avoid statistical incoherence. 
Homogeneity of variance was tested with a folded F-statistical test and degrees of 
freedom were computed by Satterthwaite’s approximation in  case o f unequal variances. 
We calculated the following ratios for each treatment separately: biomass N/total N, 
PMN/total N, PMN/biomass N, NH4 +-N/PMN, biomass C/total C, and CO2/ARC (CO2  
coefficient). For the purpose of comparative analysis of mineral soil and organic horizon, 
concentrations were converted to nutrient yield estimates on areal basis and reported in 
kg-ha*1.
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RESULTS AND DISCUSSION 
Post-Harvest Soil N and C Status
Selection harvest resulted in disturbance and partial removal o f the surface 
organic matter, including the organic horizon (Table 3.1). The thickness o f the organic 
horizon 2 years after the harvest (Fall 1998) was 25% lower on H1B site, and 13% lower 
on H1N and H2B sites compared to the control. In addition, estimates of water content (as 
a percent o f water holding capacity) in the organic horizon and mineral soil demonstrated 
reduced moisture content on all cut sites except for H2B site, where coarser fuel allowed 
for more water percolation and reduced evapotranspiration from the mineral soil.
NHB site which was not disturbed, demonstrated the greatest total C and N 
content in the organic horizon and the lowest total C in mineral soil (Table 3.2). In 
contrast, the lowest total C and N in the organic horizon but the highest total N  content in 
mineral soil were observed on H1B site. High total C and N content of the organic 
horizon and low total C in mineral soil on NHB and H2B sites may have resulted from 
accumulation of organic matter and deposition of post-harvest residues on top o f  mineral 
soil. On the other hand, mechanical surface organic matter scarification and removal 
followed by mineral soil exposure may have resulted in mixing of the surface organic 
matter and underlying mineral soil, thereby transferring some of the C and N to mineral 
soil, most notable on H1N and H1B sites.
All selection cut sites demonstrated a significant labile N (PMN) reduction in 
organic horizon followed by significantly greater PMN levels in mineral soil compared to 
the control (Figure 3.1). Disturbance-induced breakdown of complex organic compounds,
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subsequent mineralization and translocation o f labile N from the organic horizon to 
mineral soil were likely processes taking place on these sites. An increased volume of 
fine green needle material left on H2B site after harvest resulted in the highest PMN 
concentrations both in organic horizon and mineral soil. An overall greater amount of 
total N in H1B and H2B mineral soils existed in labile N form, as demonstrated by high 
PMN/total N  ratios (Table 3.3).
Increased mineral soil PMN levels on all selection cut sites were conducive to an 
enhanced process of ammonification resulting in elevated NH4 +-N content (Figure 3.2). 
However, the low ratio of NH4/PMN (both for the organic horizon and mineral soil) 
suggest proportionally greater labile N pool compared to NHU+-N which demonstrates 
potential immediate immobilization of released inorganic N (Table 3.4).
The levels of NCV-N on all harvested sites remained comparable to the control in 
the organic horizon, while in mineral soil a significant decline was observed (Figure 3.3). 
Low soil NCV-N was perhaps due to enhanced leaching or reduced activity of 
autotrophic nitrifiers, highly sensitive to frequent drying o f unprotected and bare soil. 
Interestingly, NHB site also demonstrated lower NCb'-N levels compared to the control 
soil.
Selection cutting did not affect microbial biomass N in the organic horizon of the 
harvested sites, but increased levels in mineral soil (Figure 3.4). Greater accumulation of 
fresh green residues on H2B site after harvest resulted in increased ground cover 
intercepting and storing more moisture and inhibiting evaporative losses. The same site 
also had biomass N/total N and biomass C/total C values that were greater than the 
control, but had the lowest values for the organic horizon (Tables 3.3 and 3.5). The
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lowest levels of biomass N, biomass N/total N and biomass C/total C in the control 
mineral soil indicate that a major proportion of microbial tissues accumulated in the 
overlying organic horizon. Additionally, continued fire exclusion might have selected for 
specific groups o f microbes present in the soil during secondary succession under which 
microbial diversity and activity might gradually decline, as hypothesized by DeLuca and 
Zouhar (2000).
All harvested sites demonstrated significantly reduced soluble ARC (hexose 
sugars) content in mineral soils compared with the control, but no noted treatment effects 
for ARC in the organic horizon (Figure 3.5). Low levels of soluble ARC likely resulted 
from competitive microbial uptake, and possible leaching after recent mechanical site 
disturbance (DeLuca and Zouhar, 2000).
Soil basal respiration rates in Fall 1998 showed similar CO2  evolution per day 
regardless of site m anagem ent (Table 3.5). The CO2  coefficient (CO 2 /ARC) indicates 
possible differences in microbial use of soluble hexose sugars. Increased values of this 
ratio for all harvested sites compared with the control may suggest that microbial use of 
hexose sugars or highly labile C support maintenance respiration rather than build greater 
microbial biomass.
Immediate Post-Fire C and N Status
Three days post-fire sampling showed significant consumption o f the organic 
horizon and decline in water content, both in the organic horizon and mineral soil (Table 
3.1). The NHB site demonstrated the largest decline in water content, which dropped by
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62% in the organic horizon and 32% in mineral soil compared with prior to bum 
estimates, while the lowest water loss was observed in H2B.
Consistent with existing literature, our results confirmed significant changes in 
inorganic and simple organic N and C both in soil and organic horizons on all fire- 
exposed sites immediately after burning (Tables 3.2 and 3.7). On average, a 40% 
reduction in total C and N in the organic horizon was reported on all fire-treated sites 
with the greatest loss (46%) on H1B site. Subsequent total C and N increases in mineral 
soil, with the greatest N increase reported for NHB and total C increase in H2B, likely a 
consequence of translocation and distillation of organic compounds into the mineral soil 
(DeBano, 1990), and distillation o f plant residues in soil (Fernandez et al, 1999). 
Interestingly, H1B demonstrated the greatest total C and N loss from the organic horizon, 
but the smallest gain in the mineral soil.
The organic horizon labile N doubled on all sites exposed to fire (Figure 3.1) 
unlike in mineral soil where PMN content did not change compared with pre-bum levels, 
yet remained higher than the unbumed control. Fire-killed microbial biomass and 
vegetation, and heat-induced chemical oxidation of surface deposited organic C (resulting 
in decreasing C/N ratios) likely contributed to these observed increases (Diaz-Ravina et 
al., 1996; DeLuca and Zouhar, 2000). The majority of N left in the organic horizon was 
in labile N form as demonstrate by a marked drop in PMN/total N (Table 3.3).
A significant portion o f PMN from the mineral soil and organic horizon on sill 
underbumed sites was broken down to NH4+-N, as demonstrated by high NH4/PMN ratio 
(Table 3.4) and dramatic net NH4 +-N increase (Figure 3.2). The highest intensity fire on 
NHB site resulted in complete organic matter oxidation, deeper heat penetration, and a
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6 8 -fold increase in NH4+-N in organic horizon and an 8 8 -fold increase in mineral soil 
compared to pre-bum levels. Interestingly, of all fire-exposed sites, the lowest mineral 
soil NH4 +-N levels were reported in H2B soil which increased only 18-fold compared to 
pre-bum levels. This in combination with the highest mineral soil PMN levels, suggest 
less chemical oxidation o f organic compounds. Perhaps the high soil water content in 
this treatment provided additional physical protection against heating the mineral soil 
above 100°C (Campbell et al., 1994); hence, more physical disruption of organic 
compounds and less complete oxidation to inorganic N forms.
Although many researchers, for example, Kovacic et al. (1986) suggest that NO 3 -N 
levels do not increase as a direct consequence o f a fire, our data demonstrated a rise in 
NCV-N concentrations in all fire-exposed soils as early as three days after bum (Figure
3.3). When averaged across all burned sites, the NCV-N amounts associated with organic 
horizon increased from less than lk g h a *1 to as much as 3.4 kg-ha'1. The highest NCV-N 
levels were observed in NHB and H1B mineral soils after fire, while only a small 
increase in H2B soil denoted no significant difference compared with control soil.
Microbial biomass N, biomass N/total N and biomass C/total C increased in all fire 
-exposed soils, but were severely reduced in all organic horizons (Figure 3.4, Tables 3.3 
and 3.5). On average, organic horizon had 40% reduction in biomass N/total N compared 
to values obtained before bum (except for NHB where no significant change occurred) 
and biomass C/total C (33% lower than before bum).
Increases in mineral soil microbial biomass N immediately after bum were also 
observed by DeLuca and Zouhar (2000). High levels of biomass N found immediately 
after fire are likely an artifact of the chloroform fumigation-extraction method (Diaz-
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Ravina et al., 1992). Unfortunately, this method is not able to precisely estimate the 
amount o f microbial biomass shortly after fire due to confounding effects o f high load of 
chloroform labile N that remains in the soil after the fire thereby overestimating 
microbial biomass levels. To improve this estimation, Diaz-Ravina et al. (1992) 
suggested 14-day incubation following fumigation.
Three days after fire, hexose sugars (soluble ARC) in the organic horizon and 
mineral soil were significantly greater than in the control in all fire-exposed soils prior to 
burning (Figure 3.5). The amount of CO2  evolved increased 3 times the levels prior to 
bum and was significantly higher than the control soil (Table 3.5).
9 Months Post-Fire N and C Status
In the course o f nine-month period from prescribed underbum to the Summer 
1999 sampling, the thickness of the organic horizon was reduced by 56%, 36% and 45% 
in NHB, H1B and H2B, respectively, while the thickness of organic horizon in unbumed 
stands increased by 35% in the control and 40% in H1N (Table 3.1). A significant 
reduction in the organic horizon on NHB site resulted from the intensity of fire and 
longer period of post-bum smoldering observed on this site. The physical characteristics 
of organic horizons on all fire-exposed sites changed. The organic horizon on NHB site 
was retaining 44% less moisture while H1B and H2B had 48% less moisture content than 
the control. The reduced surface organic layer likely allowed water to penetrate more 
freely to underlying mineral soil resulting in greater mineral soil water content, and 
reduced plant cover resulted in lower rates of evapotranspiration. Burning also increased
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soil pH by 0.5 units in NHB, 0.2 units in H1B, and 0.6 units in H2B compared to pre- 
bum values (Table 3.1).
Summer 1999 sampling showed a notable decline in microbial biomass N, total C 
and N, inorganic N and ARC levels both in organic horizon and mineral soil in all fire- 
exposed soils. With a 3% relative increase in total C in the control, and no change in 
H1N, fire-exposed organic horizons lost on average 50% of total C and total C levels in 
mineral soil dropped 13% when compared to pre-bum conditions (Table 3.2). The 
greatest total C loss from organic horizon reported for H2B (53%) accounted for 
additional 13% more than measured immediately after bum. Similar mineral soil total C 
and N increases immediately after fire and net decreases up to 5 years following fire were 
reported by Fernandez et al. (1999) and DeLuca and Zouhar (2000) and were attributed to 
volatilization, leaching and plant uptake.
Prescribed burning resulted in significantly smaller PMN pool in the organic 
horizon, reducing it by 75% (NHB and H1B) and 83% (H2B) 9 months later (Figure 3.1). 
The organic horizon in H1B was 71% lower and the soil PMN content dropped by 20% 
when compared to H1N. Mineral soil labile N was also low compared to pre-bum levels. 
Despite a marked drop in labile N content, H2B had still more PMN than the control and 
proportionally the greatest amount of total N  in labile N pool as demonstrated by the 
highest PMN/total N ratio (Table 3.3). These changes represented no differences 
between pre-fire PMN levels and 9 months post-fire PMN (Figure 3.1). It is possible that 
PMN will continue to decline over time and will ultimately drop to levels lower than pre- 
bum (Monleon et al., 1997; DeLuca and Zouhar, 2000; Newland and DeLuca, 2000).
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Enhanced biological mineralization o f  heat-exposed organic matter in the organic 
horizon and mineral soil resulted in continuously higher NH4 +-N levels when compared 
to the control and pre-bum levels. On average, the organic horizon N fV -N  levels 
remained 1.5 times greater compared with pre-bum levels (except for no difference in 
H1B). Interestingly, soil N lV -N  from H1B site was significantly greater than in H1N 
soil. High net NH4 +-N accumulation and proportionally greater NH4 +-N than PMN pool 
(demonstrated as highest NH4  /PMN) ratio in the H2B soil might have resulted from rapid 
process of ammonification, in combination with reduced microbial inorganic N 
immobilization (Table 3.4).
Our preliminary data from I5N isotope dilution study suggests increased rates of 
gross N mineralization in NHB soil 9 months after the fire (Table 3.6). Positive rates o f 
net NH4 +-N accumulation on this site resulted from increased rate of ammonification and 
reduced rate of immobilization by fire-stressed microbes. In contrast, reduced gross 
mineralization rates in the control soil coming from a relatively small PMN pool resulted 
in a high rate of immobilization, hence a negative net N accumulation.
The organic horizon NCV-N levels in all fire-exposed sites dropped significantly 
compared to levels prior to fire (Figure 3.3). In contrast, NCV-N in mineral soil remained 
higher, yet still dropped below the immediate post-bum and Summer 1999 control soil 
levels.
Fire resulted in a 78-98% drop in soil microbial biomass N after 9 months (Figure
3.4). The greatest reduction in biomass N/total N (Table 3.3) and biomass C/total C 
(Table 3.5) in mineral soil were reported in H2B while much smaller reductions in H1B 
were observed. In addition, the microbial biomass N levels in H1B soils were notably
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lower than in H1N soil. These results agree with findings by Prieto-Femandez et al.
(1998) who observed that the biomass N/total N was reduced by 30-70% after fire and 
remained low for the next 4 years. The rapid reduction in microbial biomass N in all fire 
exposed soils was likely due to a depletion of available C in the presence o f a sufficient N 
source (high PMN/biomass N) as suggested by Bauhus et al. (1993) and Pitetikainen et 
al. (2000) (Table 3.4).
Our results confirm return o f initially elevated soluble ARC to initial pre-bum 
levels on all fire-exposed sites 9 months after fire (Figure 3.5). These results parallel 
other studies that demonstrate that soluble sugars are released upon heating, but the levels 
rapidly return to background or level slightly elevated above background up to 1 year 
following fire (DeLuca and Zouhar, 2000).
Low concentrations o f  soluble sugars resulted in limited C availability in support 
o f microbial respiration (Table 3.5). The CO2  evolution rates dropped significantly 
below the levels prior to bum and were about 40% lower in burned soils than in the 
control soil. Additionally, basal respiration rates in H1B were 14% lower than in H1N. 
Reduced CO2  evolution and slow microbial recovery resulted in an increased CO2  
coefficient, suggesting that the majority of hexose sugars was allocated towards 
supporting microbial respiration, and not rebuilding microbial tissues.
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CONCLUSIONS
It is too early to evaluate the effects of selected restoration treatments on long­
term soil fertility of ponderosa pine forest. However, our short-term results suggest that 
forest restoration management scenarios that involve fire alter immediate soil C and N 
transformations which, in turn, set the stage for recovery o f microbial communities that 
drive soil biochemical transformations and plant nutrient availability.
Prescribed fire resulted in a dramatic increase in soil total C and N in all fire- 
exposed soils immediately post-fire. Fire-induced chemical oxidation o f SOM and 
organic horizons also resulted in an immediate pulse o f net inorganic N (with greater 
NH4 +-N than NOa'-N increase) and release of hexose sugars derived from plant and 
microbial tissue and complex organic compounds. However, within 9 months the 
nutrient contents had mostly returned to pre-bum levels.
The thick layer of organic debris accumulated on site with 50% tops returned 
prior to fire protected mineral soil from excessive heat exposure, reduced the degree of 
organic matter disruption, and, therefore, had the lowest inorganic N levels and the 
greatest labile N content immediately after fire. Additionally, in the course of 9 months 
after underbum, the same site showed the greatest soil labile N and NH»+-N pools coming 
from enhanced ammonification and inhibited microbial immobilization. In contrast, the 
greatest NH4 +-N increases immediately after fire (with no change in the labile N pool) 
were observed on the previously uncut site, but the treatment effects were not significant 
9 months after the fire.
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In contrast, our control soils demonstrated continuous accumulation o f total C and 
N  in complex organic structures. Low net inorganic N  levels and significantly  reduced 
rates of gross N  mineralization compared to fire-exposed soils can lead to plant available 
N  limitations.
Overall, it appears that even though the fire treatment without harvest had slightly 
greater impact on soil C and N  immediately after fire and notably no significant effects 
compared to harvest and bum treatments, beneficial effects o f  prescribed fire can be 
realized without prior operational harvest. This can have a practical application in 
situations when selection cutting can not be considered, but quality deterioration of 
ponderosa pine forest is apparent. In cases when selection cutting can be performed, 
leaving 50% tops appears to enhance effects of subsequent prescribed burning.
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Table 3.1. Organic horizon thickness, organic and mineral soil water content (WC) and 
soil pH for the unbumed control, no harvest/ bum (NHB), whole tree harvest/bum 
(H1B), whole tree harvest and 50% tops left/bum (H2B), and whole tree harvest/no 
bum (H1B).
org a n ic  o rg a n ic  m in era l m in.
Year Trt thickness WC WC pH
(cm) (%WHC) (% WHC) (CaCl2)
Control 3.7 54 25 5.1
NHB 3.9 26 19 4.6
1998 H1B 2.8 34 19 4.9
H2B 3.2 43 28 4.7
H1N 3.2 21 19 4.4
Control 3.7 54 25 5.1
NHB 3.0 10 13 4.6
1998 POST H1B 2.5 26 17 5.0
H2B 2.9 29 22 4.8
H1N 3.2 21 19 4.4
Control 5.0 25 34 4.7
NHB 1.7 14 47 5.1
1999 H1B 1.8 13 38 5.1
H2B 2.2 13 50 5.3
H1N 4.5 18 41 4.8
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Table 3.2. Mineral soil and organic horizon total C and N and C/N ratio for the unbumed 
control, no harvest/ bum (NHB), whole tree harvest/bum (H1B), whole tree 
harvest and 50% tops left/bum (H2B), and whole tree harvest/no bum (H1B).
Total C Total N C/N
Year Trt min organic min organic min organic
(Mg-ha")
Control 27 1.2 1.1 0.04 25 31
NHB 2 l**a 1.4* 1.1** 0.05 24 31
1998 H1B 29** 1.0* 1.3** 0.03 24 31
H2B 27 1.2 1.1 0.04 24 32
H1N 30 1.1 1.1 0.04 26* 31
Control 27 1.2 1.1 0.04 25 31
NHB 34** 0.8** 1.5** 0.03 24 29’
1998 POST H1B 34** 0.5** 1.4“ 0.02* 24 31
H2B 37** 0.7** 1.4“ 0.02* 26** 31
H1N 30 1.1 1.1 0.04 26 31
Control 28 1.2 1.1 0.04 25 31
NHB 20 0.8** 0.9 0.03 24“ 28**
1999 H1B 25 0.5** 1.1 0.02 23** 29*
H2B 24* 0.6** 1.2 0.02 20“ 27
H1N 30 1.1 1.3* 0.03 24“ 31
a /- Difference between treatments and controls determined by T-test. Probability o f  mean 
separation indicated by ** (P<0.01) and by * (P<0.05).
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Table 3.3. Mineral soil and organic horizon biomass N/total N (BN/TN), and potentially 
mineralizable nitrogen/total N (PMN/TN) for the unbumed control, no harvest/ 
bum (NHB), whole tree harvest/bum (H1B), whole tree harvest and 50% tops 
left/bum (H2B), and whole tree harvest/no bum (H1B).
BN/TN PMN/TN
Year Trt min organic min organic
(x 10*J)
Control 24 21 14 27
NHB 24 18 2 0 'a 1 6 "
1998 H1B 22 23 25" 1 8 "
H2B 29*" 15** 30" 24
H1N 24 19 11' 1 9 "
Control 24 21 15 27
NHB
••00 21 19' 2 "
1998 POST H1B a " 11** 19 1 "
H2B 60** 11 31" 2 "
H1N 24** 19 11' 1 9 "
Control 24 24 13 12
NHB 11** 8** 19' 10
1999 H1B 20 7 ** 15 11
H2B 8** 3** 20 11
H1N 20 27 14 1 9 "
a /- Difference between treatments and controls determined by T-test. Probability o f  mean 
separation indicated by ** (P<0.01) and by * (P<0.05).
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Table 3.4. Mineral soil and organic horizon potentially mineralizable nitrogen/biomass N 
(PMN/BN), and ammonium/potentially mineralizable nitrogen (NH4 /PMN) for 
the unbumed control, no harvest/ bum (NHB), whole tree harvest/bum (H1B), 
whole tree harvest and 50% tops left/bum (H2B), and whole tree harvest/no bum 
(H1B).
PMN/BN N H /P M N
Year Trt min organic min organic
Control 0.9 1.7 0.05 0.05
NHB 1 . 0 0.9” 0.02’ 0.05
1998 H1B 1 . 2 0.9” 0.04 0.05
H2B 1 . 1 1.7 0.04 0.04
H1N 0 . 6 1 . 1 ” 0.10* 0.06
Control 0.9 1.7 0.05 0.05
NHB 0.4* 0 .2 ” 1.57" 2 .40"
1998 POST H1B 0 .2 *’ 1 .2 * 2.43" 0.90"
H2B 0.7* 1 .2 ’ 0.75" 1.86"
H1N 0 . 6 1 . 1 * 0.1 o' 0.06
Control 0.5 0.3 0.05 0.04
NHB 2 .2 ” 0.7” 0.56* 0.47"
1999 H1B 2 .1 ” 1 .8 ” 0.3 r 0 .48*
H2B 5.0” 2 . 0 1.13" 0.40"
H1N 0.7 0 .8 * 0.08 0.03
a /- Difference between treatments and controls determined by T-test. Probability of mean
separation indicated by ** (P<0.01) and by * (P<0.05).
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Table 3.5. Mineral soil and organic horizon basal respiration rates (CO2  evolution), CO? 
coefficient (CO2 /ARC), and biomass C/total C (BC/Total C) for the unbumed 
control, no harvest/ bum (NHB), whole tree harvest/bum (H1B), whole tree 
harvest and 50% tops left/bum (H2B), and whole tree harvest/no bum (H1B).
BC/Total C
YEAR TRT CO2  evol. CO2  coeff min. organic
(m g g '-d '1) (x 10
Control 0.39 21.4 4.9 4.7
NHB 0.45 47.3** 6.6 3.2
1998 H1B 0.36 47.8** 6.6 4.8
H2B 0.33 50.4” 8.1” 3.1’
H1N 0.29 55.1” 5.3* 4.2
Control 0.39 21.4 5.1 4.7
NHB 0.94*’ 22.0 22.7** 3.0’
1998 POST H1B 1.04** 25.8 22.6** i.r
H2B 0.90” 22.1 14.9” 2 .2 *
H1N 0.29 55.1” 6.6’ 4 . 2
Control 0.46 39.0 5.6* 4 . 9
NHB 0.28* 51.4 3.3” 2 .0 **
1999 H1B 0.25 43.0 4.4 i.r
H2B 0.29’ 114.1” 1.7’* 7 .3 ”
H1N 0.29* 56.9’ 5.7 6 . 0
a /- Difference between treatments and controls determined by T-test. Probability of mean 
separation indicated by ** (P<0.01) and by * (P<0.05).
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Table 3.6. Mineral soil net ammonium (NH4 +-N) and nitrate (N 0 3 '-N) accumulation,
gross NH4 +-N mineralization, and soil ammonium (NTL^-N) and nitrate (NOa'-N) 
pool sizes at the Lost Horse Creek restoration site in Summer 1999.
Net N H /-N  N e tN 0 3*-N Gross N H /-N  N H /-N  N 0 3-N
Treatment Accumul. Accumul. Flux Soil Soil
k g h a '1- d ' 1 kgha '1- d' 1 kg ha‘l- d' 1 kg ha* 1 kg ha" 1
Control -0.13 -0.50 0.19 0.73 4.45
NHB 1.84 -0.24 1.66 11.36 2.27
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Table 3.7. Changes in woody fuel total N as a result of fuel consumption during different 
restoration management scenarios. (Adapted from Clayton, J.L. and D.A. Kenedy. 
1980 except for “>75 rotten” derived from own measurements).
Diameter class (mm)
Treatment 0-6 6-25 25-75 >75 >75 rotten Total
Total N (Mg h a 1)
NHB 0 . 6 1 . 8 2.9 1 . 1 12.5 19.0
NHB post burn 0.04 0.7 2 . 2 0.7 2 . 6 6 . 2
H1B 2 . 0 2 . 0 2 . 0 2 . 2 6 . 2 14.4
H1B post burn 0.7 0.9 1.3 1 . 8 4.4 9.1
H2B 1.5 2 . 6 4.8 3.7 20.5 33.1
H2B post burn 0.09 0.7 1 . 1 1.5 3.7 7.1
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Figure 3.1. Cumulative organic horizon (organic) and mineral soil concentrations o f 
potentially mineralizable nitrogen (PMN) for Lost Horse Creek restoration site 
measured before prescribed underbum (1998 pre-bum), 3 days after bum (1998 
post bum) and 9 months after bum (Summer 1999).
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Figure 3.2. Cumulative organic horizon (organic) and mineral soil concentrations o f 
ammonium (NH4+-N) for Lost Horse Creek restoration site measured before 
prescribed underbum (1998 pre-bum), 3 days after bum (1998 post bum) and 9 
months after bum (Summer 1999).
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Figure 3.3. Cumulative organic horizon (organic) and mineral soil concentrations of
nitrate (NCV-N) for Lost Horse Creek restoration site measured before prescribed 
underbum (1998 pre-bum), 3 days after bum (1998 post bum) and 9 months after 
bum (Summer 1999).
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Figure 3.4. Cumulative organic horizon (organic) and mineral soil concentrations o f 
microbial biomass N (Biomass N) for Lost Horse Creek restoration site measured 
before prescribed underbum (1998 pre-bum), 3 days after bum (1998 post bum) 
and 9 months after bum (Summer 1999).
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Figure 3.5. Cumulative organic horizon (organic) and mineral soil concentrations o f
hexose sugars (soluble ARC) for Lost Horse Creek restoration site measured before 
prescribed underbum (1998 pre-bum), 3 days after bum (1998 post bum ) and 9 
months after bum (Summer 1999).
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Photograph 3.1. Selection cutting with 50% tops returned (H2B) before prescribed fire.
Photograph 3.2. Selection cutting with 50% tops returned (H2B) after prescribed fire.
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Photograph 3.3. No selection cutting (NHB) prior to prescribed fire.
Photograph 3.4. No selection cutting (NHB) followed by prescribed fire.
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CHAPTER 4: MICROBIAL ACTIVITY AND N MINERALIZATION IN FOREST 
MINERAL SOILS FOLLOWING HEATING
ABSTRACT
Heat generated during fire induces chemical oxidation of soil organic matter 
thereby altering carbon (C) and nitrogen (N) transformations, however, the effects o f 
prior soil fire history and soil moisture content at the time o f heating can become 
confounding factors in the interpretation of these processes. We evaluated how soil 
heating (160°C and 380°C) under three moisture regimes (-0.03, -1.0, and -1.5 MPa) 
influences microbial activity and N mineralization in two soils: UN (unbumed for the 
past 80 years), and BU (recently exposed to wildfire). Initially, the BU soil had lower 
microbial biomass (biomass C), potentially mineralizable nitrogen (PMN), hexose sugars 
(soluble ARC), NH4 +-N, and basal respiration rates, but higher NO3 -N concentrations 
than the UN soil. Higher temperatures resulted in greater microbial mortality, release o f 
soluble ARC and NH 4 +-N and no change in NC>3 ‘-N. Concentrations of PMN increased 
at 160°C, but decreased at 380°C. Both soils demonstrated altered pathways of 
mineralization at high soil water potential: the UN had the highest NH^-N concentration 
at -0.03 MPa, as opposed to BU where the -0.03 MPa treatment enhanced nitrification. 
Heating at low soil water potentials resulted in elevated concentrations o f  biomass C and 
soluble ARC, and lower Nti»+-N and NCV-N concentrations. Carbon availability 
appeared to be an important factor in the microbial recovery during 14-day post heating 
incubation, which was greatest at 380°C and -1.5 MPa. Low soil water potential may 
have physically protected PMN by slowing N mineralization. Both soils supported net 
NHV-N accumulation due to slow nitrifier recovery.
INTRODUCTION
The effects o f fire induced heating on carbon (C) and nitrogen (N) dynamics in 
mineral soil have received limited scientific attention. It is known that fire enhances 
chemical oxidation of soil organic matter thus altering its chemical composition 
(Fernandez et al., 1997), but the degree of organic matter oxidation depends on 
temperatures generated by fire, fire duration, and heat penetration (Hungerford et al.,
76
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1991). Temperatures higher than 50°C result in death o f heat-sensitive microbes (fungi 
are more heat sensitive than bacteria) and temperatures higher than 70°C can kill 
vegetation (Hernandez et al., 1997; Neary et al., 1999). Subsequently, dead plant and 
microbial biomass can be rapidly oxidized and mineralized contributing to the pulse o f 
inorganic N that typically follows burning (Diaz-Ravina et al., 1996). However, the 
combustion of organic matter at exceedingly high temperatures can result in volatilization 
and potential loss o f  N previously complexed in organic forms (Giovannini et al., 1990).
Predicting soil thermal response to heat and post-fire effects (i.e. heat effects and 
ash fertilization) are difficult to isolate without controlled laboratory simulations. Often, 
soil moisture content may become a confounding factor in assessing fire impact on soil 
biological and chemical properties (Albini and Reinhardt, 1995). Increased soil 
temperatures cause the mineral soil and water to conduct heat as two independent media 
depending on their different specific heat and heat conductivity characteristics (Campbell 
et al., 1994; Hungerford et al., 1991). Although heat in moist soil is transported faster 
and penetrates deeper at temperatures below 95°C, vaporization o f water will prevent soil 
from reaching temperatures above 95°C until water completely vaporizes. Steam is used 
in greenhouses for soil substrate sterilization, because of its higher efficiency relative to 
dry heat (Baker, 1970).
Prescribed burning is often implemented for improving stand quality and soil 
nutrient concentrations in ecosystems that have been fire-excluded for a significant 
amount of time (Amo et al., 1995). In order to avoid the risk of wildfire, prescribed fire 
is frequently performed during moist seasons such as late winter and spring (Dunn et al.,
1985). In contrast, most spontaneous wildfires typically occur during dry seasons,
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summer and fall, when soil water and organic layer moisture are depleted.
A better understanding o f the effect o f moisture, fire intensity, and fire history on 
post-bum soil ecosystem recovery could provide a basis for improved prescriptions that 
enable restoration o f fire dependent forests. The purpose o f the work reported was to 
observe changes in soil microbial biomass and N mineralization as affected by soil 
moisture and temperature regimes to simulate low and medium intensity fires during wet 
and dry seasons and compare two soils of different fire history.
MATERIALS AND METHODS
Soil characteristics
Soils were collected from a ponderosa pine/Douglas-fir forest (Pinus ponderosa  
Laws JPseudotsuga menziesii var.glauca) in western Montana. The forest stands were 
either unbumed in the past 80 years (UN), or had no fire exposure until August 1996 
when burned by a high severity wildfire (BU). Sites were located on a NE aspect of 35 to 
40%, at 1520 meters elevation. The mean annual temperature was 7°C and annual 
precipitation of 44 cm. Soils were loamy-skeletal, mixed, frigid Lithic Ustochrepts 
formed on granite residuum. Selected soils characteristics are provided in Table 1. Soils 
were collected at each site in September 1996. Composite samples o f mineral soil (0-10 
cm), mixed and all visible debris and coarse fragments removed. Soils were sieved (2- 
mm sieve), air-dried, and stored for 9 months.
In June 1997, four subsamples were drawn from the bulk soils individually, and 
water content at -0.03, -1.0 and -1.5 MPa was determined using pressure membrane
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apparatus as described by Klute (1986). Subsequently, soils were split into three equal 
parts, moistened to -0.03, -1.0, and -1.5 MPa water potential, and then pre-incubated for 
14 days at 25°C with moisture checked daily. At the end o f  the pre-incubation period, 
soils were transferred to metal canisters ( 6  replicate canisters per treatment) and placed in 
a preheated muffle furnace for 30 minutes at 25°C, 160°C or 380°C to simulate low and 
medium intensity burning as suggested by Chandler e t al. (1983). Soils were allowed to 
cool and three replicate canisters per treatment were immediately processed and 
analyzed, while the remaining three were transferred to Ball Mason jars, inoculated with 
1 g of unheated soil and incubated for 14 days at 25°C with moisture content checked 
daily.
Laboratory analyses
Soil samples extracted immediately after the heating (unheated control soils 
included) and 14 days post-heating were tested for gravimetric water content (Gardner,
1986). Fresh 25 g oven-dry equivalent soil samples were shaken with 50 ml of 2M  K.C1 
for 30 minutes and filtered through Whatman # 42 filter paper. Extracts were analyzed 
for NH4 +-N using the Berthelot reaction (Willis et al., 1993) and NO3 -N by nitration o f 
salicylate (Yang et al., 1998). Microbial biomass was determined by 
fumigation/extraction and reaction with ninhydrin as described by Joergensen and 
Brookes (1990) and modified by DeLuca and Keeney (1993). Microbial biomass C was 
calculated as difference between ninhydrin-reactive N  in fumigated samples and the 
control multiplied by a factor of 21, while biomass N  was calculated as the difference
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between ninhydrin-reactive N in fumigated samples and the control multiplied by a factor 
o f 3.1 (Joergensen and Brookes, 1990).
Potentially mineralizable nitrogen (PMN) was determined by a 14-d anaerobic 
incubation in which 5 g of moist soil and duff was placed in a centrifuge tube with 12.5 
ml of nanopure water and the air space was displaced by N 2  gas (Hart et al., 1994). After 
a 14-d incubation at 25°C, 12.5 ml o f 4 A/KC1 was added to each tube, the tubes placed 
in a shaker for 30 minutes, and the extracts were filtered and analyzed for NFLT-N, as 
described above. Values for PMN reflect the difference between the incubated samples 
and the non-incubated NH4 +-N value. Soluble hexose sugar concentrations measured as 
anthrone reactive carbon (soluble ARC) were determined on 0.5 M K 2 SO4  extracts 
obtained from 25 g o f fresh soil (soil to extract ratio o f 1:2) and analyzed within 48 hours 
as described by DeLuca (1998). Microbial respiration was measured during 3-day 
aerobic incubation by using alkaline traps (Zibilske, 1994). Fresh 50 g soil samples were 
brought to 60% water holding capacity and placed in Ball Mason jars. An open scillation 
vial containing 20 ml of lV N aO H  was carefully placed atop the soil, then the jar was 
sealed and incubated at 25°C for 3, 7 and 14 days. The alkali traps containing NaOH 
were then quantitatively transferred to 200 ml flasks and 24 ml o f 2N  BaCh and 5 drops 
of phenylthaleine indicator solution added, and the solution titrated with 1 .ON HC1 to a 
clear end point.
The experiment was a CRD 2x3x3 factorial arrangement representing 2 soils, 3 
temperatures and 3 soil moisture contents, with each treatment replicated three times. 
Data were analyzed by using a 3-way ANOVA (Proc GLM) and by using regression 
(Proc REG). All data were tested for violations of the assumptions of ANOVA and
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transformed prior to analysis. Data were analyzed using Statistical Analysis System 
(SAS Institute, 1995).
RESULTS AND DISCUSSION 
Immediate Treatment Effects
Soil biochemical response to heat treatments was greatly influenced by fire 
history. Soils with recent exposure to wildfire had higher initial levels o f  total C, N and 
NO 3 -N, and lower microbial biomass C, PMN and N H /-N  (Table 4.1). Low 
concentrations of microbial biomass C in the BU soils likely resulted from wildfire- 
induced microbial mortality while reduced levels o f N lV -N  and PMN in combination 
with significantly greater NO3 -N levels denote enhanced nitrification in the same soil.
On the other hand, low N0 3 *-N concentrations in the UN soils may be a result o f low 
initial populations of nitrifiers from conditions brought about by fire exclusion, as 
suggested by Neary et al. (1999).
Heating of soil at 160°C or 380°C resulted in a significant change in microbial 
activity in both soils relative to the control (Tables 4.2 and 4.3a). Microbial biomass C 
dropped immediately after heating, more when heated at 380°C than when heated at 
160°C. Interactions between soil fire history and heating temperature on microbial 
biomass C proved to be statistically significant across all moisture levels (Tables 4.2 and 
4.3a). The UN soils had greater microbial biomass C concentration than the BU soil 
when heated at 160°C or when heated at 380°C. Although both soils demonstrated 
similar reduction in biomass C at 160°C compared to the respective unheated control soil,
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temperature increase to 380°C resuited in 93% biomass C reduction in the UN soil and 
96% reduction in the BU soil compared to unheated soils. Decline in microbial biomass 
C ranging between 50-80% after burning, was also reported by Hernandez et al. (1997), 
and Prieto-Femandez et al (1993). Neary et al. (1999) suggested that most living 
organisms are killed at temperatures between 50°C and 120°C and that fungi are more 
heat-sensitive than bacteria. Temperatures selected for this experiment were in excess o f 
120°C, therefore, microbial mortality was perhaps one of the more important contributors 
to the pool of hexose sugars (soluble ARC) after heating.
Levels o f soluble ARC increased 4-fold at 160°C and almost 12-fold at 380°C 
when averaged across both soils and moisture regimes (Table 4.3a). Heating at 380°C 
had greater effect on the release o f soluble ARC from the UN soil and demonstrated 
soluble ARC concentrations almost twice these o f the BU soils, both at 160°C and 380°C. 
Diaz-Ravina et al. (1992) reported that 70% of mineralized C originated from dead 
microbial tissues, and in research by Fernandez et al. (1997) temperatures around 350°C 
resulted in 90% destruction of water-soluble polymeric sugars, such as cellulose and 
hemicellulose, to hexose monomers, dissaccharides and glycosides. Soil history, 
temperature and soil water potential had no significant effect on basal respiration rates 
immediately after heating.
Soils heated at 160°C had on average twice as high labile N (PMN) 
concentrations versus unheated control, while at 380°C the PMN levels declined to levels 
comparable to those in the control soils (Tables 4.2 and 4.3a). Temperature of 160°C 
resulted in only a modest increase o f the original concentration in the UN soil compared 
to an increase in the BU soil. These immediate increases in labile soil N concentrations
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at 160°C were attributed to the release of simple organic compounds from heat-disrupted 
soil organic matter and heat-killed microbial tissues (Pietikainen and Fritze, 1993). 
DeBano (1990) suggested that organic matter distillation starts between 200°C and 
315°C, however, combustion o f organic matter at exceedingly high temperatures can 
result in complete oxidation followed by potential volatilization of N previously held in 
complexed forms (Giovannini et al., 1990).
Despite the fact that both soils had similar PMN levels at 380°C, the overall labile 
N concentrations declined in the UN soil to 50% of the initial control levels, but 
increased it 6  times in the BU soil. Altered rates of PMN release from the two soils 
perhaps resulted from the presence o f structurally different forms of labile N initially 
present in the two soils.
Soil heating also resulted in NH4 +-N release from the oxidized organic matter 
(Tables 4.4 and 4.5a). On average, there was a 10% concentration increase at 160°C and 
22% increase at 380°C compared to the unheated control. Similar NH4 +-N concentration 
increases by Kovacic et al. (1986), Ryan and Covington (1986), and Hernandez et al. 
(1997) were attributed to the pyrolysis of compounds derived from live and dead organic 
matter present in the soil. Interactions between soil fire history and heating temperature 
on NH4 +-N levels proved to be statistically significant when averaged across all moisture 
Levels (Tables 4.4 and 4.4a). Both soils demonstrated moderate (9-13%) concentration 
increase when heated at 160°C, however, when heated at 380°C, NHt+-N concentration 
increased 42% in the BU soil and only 6 % in the UN soil compared to unheated controls. 
In research by Dunn et al. (1985), the concentration of inorganic N was positively 
correlated with burning intensity and initial soil organic matter content.
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In contrast, temperatures of heating had no significant effect on NO3 -N 
concentrations in both soils despite their altered fire history (Tables 4.4 and 4.5a). 
Temperatures must exceed 400°C to result in heat-induced changes in NCb'-N 
concentrations due to N volatilization (Bossatta and Agreen, 1995). Such temperatures 
are in excess o f the temperatures used in this experiment.
When averaged across all temperatures, the effect o f  moisture and interaction 
between soil and moisture were significant for microbial biomass C, soluble ARC, PMN, 
NPU+-N and NO 3 -N concentrations. Decreasing soil water content resulted in increased 
concentrations o f microbial biomass C, soluble ARC and labile N (PMN) in both soils 
(Tables 4.2 and 4.3b) suggesting that the microbial growth responded well to available C 
and labile N source despite low water potential. This is similar to earlier findings which 
showed that drying and rewetting of soils results in a release o f soluble sugars which are 
rapidly consumed by microbes, but levels remain somewhat elevated in contrast to the 
untreated controls (DeLuca, 1998).
Interaction between soil fire history and water potential played an important role 
in inducing the altered pathways of N mineralization (Tables 4 and 5b). Soil water 
potential of -0.03 MPa in the UN soils resulted in higher NH 4 +-N concentrations 
following heating than at low water potentials (-1.0 MPa and -1.5 MPa) while no 
significant change in NCV-N was observed. In contrast, we observed no differences in 
NH4 +-N levels with increasing soil water potential in BU soils, but NO3 -N 
concentrations were notably higher at -1.0 MPa and at -1.5 MPa water potential. As 
suggested by Nishio and Fujimoto (1991), soil drying for the purpose of storing and its 
re wetting may disrupt soil aggregates and increase the amount o f organic materials
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subjected to microbial attack.
14-day Post-Treatment Effects
Microbial activity and N mineralization during the 14-day incubation were 
significantly influenced by the soil fire history, initial heat treatment and soil water 
potential (Figures 4.1 and 4.2). The unheated control soils had microbial biomass C and 
soluble ARC levels similar to those prior to incubation, which were likely controlled by 
an equilibrium between the limited supply of available C and the rapid microbial biomass 
turnover, as suggested by Bauhus et al. (1993).
The highest concentrations o f  microbial biomass C after 14-day post-heating 
incubation in both soils were found at 380°C at the lowest soil water potential, and the 
lowest concentrations were reported also at 380°C but at the highest soil water potential 
(Figure 4.1 and 4.2). Increased mortality in moist soils at high temperatures likely 
resulted from more effective latent heat penetration and faster heat dissemination than in 
drier soils (Hartford and Frandsen, 1992; Campbell et al., 1994).
In contrast to these findings, microbial adaptation in dry soil during pre-treatment 
incubation possibly selected for more stress-adapted microorganisms. For example, an 
ability to slow down metabolism by becoming dormant, or producing spores could give 
microbes a better chance to survive stress from heat exposure or become initial soil 
colonizers after a fire (Dunn et al., 1985). Microbes exhibit higher sensitivity to heat in 
moist soils, where high moisture availability is not conducive for developing such 
survival mechanisms (Dunn et al., 1985).
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In the course o f the 14-day incubation, there was a significant drop in the 
concentration o f soluble ARC in both soils, resulting from possible microbial 
consumption o f hexose sugars released upon heating (Figures 1 and 2). Still, the 
concentrations remained elevated when compared to the unheated control. The highest 
concentrations were reported at 380°C in both soils, however, the ARC levels in the UN 
soils were significantly higher than in the BU soils. Both soils demonstrated negative 
correlation between soil water potential and soluble ARC as in drier soils there were 
greater levels o f soluble ARC accumulation.
Soil history, heating temperature and water potential had a significant effect on 
cumulative soil CO2  evolution after 14 days o f incubation (Figures 4.3a and 4.3b). The 
greatest cumulative CO2  evolution was observed at -0.03 MPa in both soils (except for 
the unheated control o f the UN soils) which negatively correlated with the lowest 
microbial biomass C and soluble ARC concentrations. In contrast, the lowest CO2  
accumulation o f all treatments was observed in the unheated control and heated at 380°C 
BU soil, both at the lowest soil water potential. Differences in CO 2  evolution between 
treatments likely resulted from differences in both, microbial community structure and 
substrate utilization, as suggested by Pietikainen et al. (2000).
The PMN concentrations also changed over time in the two soils tested (Figures 
4.1 and 4.2). The PMN levels in the UN soils remained consistently higher than in the 
BU soils although there was a marked decline in PMN content at the highest water 
potential across all temperature treatments suggesting enhanced mineralization (also 
demonstrated by the greatest net NH4 +-N concentration) (Figures 4.1 and 4.2). These 
heat-induced soil alterations reflect the observed depletion of labile N reserves under
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field conditions, resulting in future N limitations in the soil (Monleon et al., 1997;
DeLuca and Zouhar, 2000). PMN levels in the BU unheated control soils remained 
consistently low and unchanged suggesting that the reserves o f the labile N in this soil 
were greatly depleted.
Furthermore, the NIL»+-N levels in the BU control soils dropped over time below 
the levels reported prior to incubation, suggesting active NH4 +-N use by microbes. This 
marked NH4 +-N loss from the BU unheated control soils was likely followed by 
autotrophic nitrification resulting in the observed hence concurrent increase in NC^'-N 
concentration (Figure 4.2).
The nitrification potential o f both soils remained unchanged despite high 
accumulation o f NH 4 +-N substrate due to mortality o f nitrifiers and their slow post­
heating recovery (Neary et al., 1999; Ryan and Covington, 1986). Additionally, 
continuously higher NC>3 *-N levels in the BU soil were likely a result of limited NC>3 *-N 
consumption by recovering microbes. As demonstrated by Blank et al. (1994), heated 
soils had significantly more NH4 +-N mineralized after 1 1  days o f  aerobic incubation than 
unheated soil and likely remain elevated until the nitrifiers recovery, which, in research 
by Kovacic et al. (1986) was observed 30 days after heating.
Soil water potential continued to have a significant effect on the process of N 
mineralization and with the highest soil water potential the greatest PMN decline 
followed by the highest net inorganic N accumulation which supports the findings of 
Pulleman and Tietema (1999). Interestingly, there was a positive correlation between soil 
moisture content and the NC>3 '-N in the BU soil only, suggesting that nitrifiers recovery 
was enhanced by available moisture more than by NH 4 +-N availability.
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CONCLUSIONS
To predict the potential influence of fire on soil nutrient concentrations, it is 
important to know previous site management and history o f disturbance. The two soils 
used in this experiment differed significantly in their biochemical composition due to 
previous exposure o f one soil to fire. The slow process o f post-wildfire microbial 
recovery and advanced mineralization of partially oxidized organic materials resulted in 
low initial concentrations of biomass C, PMN, soluble ARC, N H /-N , and CO2  in the soil 
exposed to a wildfire. By the time the soils were collected for the purpose of this 
experiment, the population of nitrifiers in this fire-exposed soil had already recovered and 
increased levels of NOa'-N were present in the soil. In contrast, the UN soil had very low 
concentrations of NCb'-N until the study ended.
Soil heating had a significant effect on many biochemical properties. In general, 
high temperatures led to microbial mortality which in turn, resulted in increased levels of 
simple organic compounds, such as soluble hexose sugars (ARC). These hexose sugar 
reserves are immediately used as a substrate for post-heating soil microbial recovery.
A portion of labile N pool can be lost from the soil upon exposure to excessively 
high temperatures. With soil heating at 160°C there was an induced chemical oxidation 
of organic matter that resulted in the greatest release o f labile N from both soils.
However, the 380°C treatment resulted in advanced labile N transformations, such as 
complete chemical breakdown to N H /-N  and subsequent NH3 volatilization. Our 
highest temperature selected for this experiment was not high enough to immediately 
affect NO3 -N concentrations. Post-heating incubation results in gradual depletion of the 
PMN pool, which is used in support of substrate-induced ammonification. Subsequent
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net NH4 +-N accumulation can serve as reserves for future process o f nitrification that has 
not recovered in our soils during 14-day incubation.
Soil moisture at the time o f heating had a significant effect on microbial biomass. 
Survival of microbial populations was greater after exposure to dry heat (the lowest soil 
water potential), wherein heat transfer and penetration was limited to primarily mineral 
soil, as opposed to moist soil where heat was also greatly dissipated through water 
medium with high latent heat conductivity. The availability o f  a C source appeared to be 
the most important factor for rapid microbial recovery as microbial recovery was most 
rapid in the highest temperature treatments at the lowest soil water potential, where the 
highest soluble ARC concentrations were also reported.
Low soil water potential is also conducive to protect newly formed PMN reserves, 
which can remain in drier soils for a  longer period o f time than in moister soils regardless 
of soil fire history. Such dry soil conditions occur in the field during summer wildfires 
and fall prescribed fires as opposed to the moist soil conditions associated with spring 
prescribed fire.
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Table 4.1. Initial soil selected characteristics: total carbon, total nitrogen, microbial 
biomass carbon (Biomass C), potentially mineralizable nitrogen (PMN), 
ammonium and nitrate for unbumed (UN) and burned (BU) soils measured after 
14-day preincubation at (-0.03 MPa).
Soil PH Sand Clay Tot C TotN Biomass C PMN ARC NHV n o 3*
% % g-kg" g-kg*‘ (ng-g")
UN 5.5 27 1 0 32 1.3 129 16.2 3.6 16.2 2 . 6
BU 6 . 0 25 1 1 51 2 . 6 108 0 : 2 2.9 15.5 34.8
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Table 4.2. ANOVA for immediate effects of heating for soil, temperature and soil x
temperature interaction on microbial biomass carbon (Biomass C), soluble hexose 
sugars (soluble ARC) and basal respiration (CO2  evolution) in two soils.
Source d.f. MS F value P > F
Soil 1 13867 26.8 0 . 0 0 0 1
ss C Temperature 2 105559 203.8 0 . 0 0 0 1
Soil x Temp 2 6508 1 2 . 6 0.0005
Moisture 2 2656 5.1 0.0190
Soil x Mois 2 2073 4.0 0.0389
Error 16 518
Soil 1 3444 66.7 0 . 0 0 0 1
e ARC Temperature 2 12323 26.7 0 . 0 0 0 1
Soil x Temp 2 1377 23.2 0 . 0 0 0 1
Moisture 2 593 11.5 0.0008
Soil x Mois 2 36 0.7 0.5156
Error 16 52
Soil 1 0 . 1 0 2 1.9 0.3045
Temperature 2 0.028 0.5 0.6642
Soil x Temp 2 0.084 4.0 0.3926
Moisture 2 0 . 2 2 0 7.7 0.1985
Soil x Mois 2 0.420 3.9 0.1146
Error 16 0.098
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Table 4.3. Influence o f (a) temperature and (b) soil moisture on microbial biomass
carbon (Biomass C), soluble hexose sugars (soluble ARC) and basal respiration 
(CO2 evolution) averaged across two soils (± 1 SE) and in two soils separately.
a. Temperature
Microbial Soluble C 0 2
Biomass C ARC evolution
Hg-g" Hg-g" m g g 'l d ' 1
Control I47.7a* 4.8 c 0.03
AVERAGE 160°C 2 2 .8 b 19.4b 0.07
380°C 0° (J\ C
T*
55.6 a 0.05
HSD** 21.5 4.8 NA
Control 185.6 (±6.1) 6.0 (±0.3) 0 . 0 2  (±0 .0 0 )
UN 160°C 28.9 (±4.4) 24.4 (±1.6) 0.06 (±0 .0 1 )
380°C 12.5 (±2.5) 73.5 (±1.7) 0.08 (±0 .0 2 )
Control 109.8 (±1.9) 3.6 (±0.1) 0.03 (±0.00)
BU 160°C 16.6 (±1.4) 14.5 (±0.8) 0.07 (±0.01)
380°C 4.6 (±1.7) 37.8 (±0.9) 0 . 0 2  (±0 .0 0 )
*/ - means in the same column followed by different letters are significantly different {P <0.05) 
**/ - least significant difference for mean comparison
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Table 4.3. cont. 
b. Moisture
Microbial 
Biomass C
Soluble
ARC
c o 2
evol.
n g g '1 Pg-g' 1 m g g ‘l d‘l
(-0.03 MPa) 46.8b* 2 0 .2 b 0.19
AVERAGE (-1.0 MPa) 61.2ab 28.5ab 0 . 1 0
(-1.5 MPa) 71.0a 31.2a 0.23
h s d " 21.5 9.7 0.15
(-0.03 MPa) 51.3 (±7.9) 26.6 (±3.8) 0.04 (±0.01)
UN (-1.0 MPa) 79.0 (±12.9) 37.6 (±3.8) 0.16 (±0 . 1 0 )
(-1.5 MPa) 96.7 (±11.8) 39.7 (±4.2) 0.08 (±0 .0 2 )
-0.03 MPa) 42.4 (±6.4) 13.8 (±1.6) 0.04 (±0.01)
BU (-1.0 MPa) 43.3 (±6.5) 19.4 (±2.0) 0.06 (±0 .0 1 )
(-1.5 MPa) 45.3 (±6.5) 22.7 (±2.2) 0.05 (±0.01)
*/ - means in the same column followed by different letters are significantly different (P <0.05)  
**/ - least significant difference for mean comparison
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Table 4.4. ANOVA for immediate effects o f heating for soil, temperature and soil x
temperature interaction on potentially mineralizable nitrogen (PMN), extractable 
soil NH4+-N and NCb'-N for two soils.
Source d .f  MS F  value P > F
Soil 1 2668 58.5 0 . 0 0 0 1
PMN Temperature 2 1765 38.7 0 . 0 0 0 1
Soil x Temp 2 1059 23.2 0 . 0 0 0 1
Moisture 2 167 3.7 0.0485
Soil x Mois 2 128 2 . 8 0.0902
Error 16 46
Soil 1 1 1 0 24.9 0 . 0 0 0 1
N H /-N Temperature 2 65 14.7 0 . 0 0 0 2
Soil x Temp 2 39 8 . 8 0.0026
Moisture 2 618 139.4 0 . 0 0 0 1
Soil x Mois 2 729 164.6 0 .0 0 0 1
Error 16 4.4
Soil 1 4984 1240.8 0 . 0 0 0 1
NO3 -N Temperature 2 11.5 2.9 0.0867
Soil x Temp 2 0.168 0.04 0.9590
Moisture 2 385.8 96.1 0 . 0 0 0 1
Soil x Mois 2 515.2 128.3 0 . 0 0 0 1
Error 16 4
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Table 4.5. Soil potentially mineralizable nitrogen (PMN), NH4 +-N and NC^'-N
concentrations (± 1SE) at different (a) temperatures and (b) soil water potentials for 
the unbumed (UN) and burned (BU) soils.
(a) Temperature
PMN N H /-N  NO 3 -N
ug-g ' 1
Control 17.8 b* 17.4C 14.3
AVERAGE 160°C 34.7 a 19.2b 14.5
380°C 17.4 b 2 1 . 2  a 15.8
HSD~ 3.0 1.7 2.0
Control 32.9 (±1.7) 19.7 (±1.4) 4.8 (±0.3)
UN 160°C 40.7 (±1.5) 21.4 (±1.5) 4.9 (±0.2)
380°C 17.3 (±1.3) 20.9 (±1.1) 6 . 1  (±0 .1 )
Control 2.7 (±0.6) 15.1 (±0 .2 ) 23.8 (±1.1)
BU 160°C 28.7 (±0.3) 17.0 (±0 .1 ) 24.2 (±1.1)
380°C 17.4 (±1.3) 21.5 (±0.5) 25.5 (±1.0)
*/ - means in the same column followed by different letters are significantly different (P <0.05)  
**/ - least significant difference for mean comparison
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Table 4.5 cont 
(b) Moisture
PMN NH4 +-N NCV-N
•  IM-gg
(-0.03 MPa) 20.4 25.9a 19.3a
AVERAGE (-1.0 MPa) 23.1 16.9b 15.2b
(-1.5 MPa) 26.5 14.6b 1 0 . 1 °
HSD” 3.0 2.4 1.7
(-0.03 MPa) 24.3 (±1.3) 34.6 (±0.3) 4.0 (±0.2)
UN (-1.0 MPa) 31.8 (±2.0) 15.7 (±0.2) 6.5 (±0.3)
(-1.5 MPa) 34.9 (±2.3) 11.8 (±0.3) 5.3 (±0.1)
(-0.03 MPa) 16.4 (±1.6) 17.2 (±0.2) 34.7 (±0.3)
BU (-1.0 MPa) 14.4 (±1.5) 18.2 (±0.5) 23.9 (±0.3)
(-1.5 MPa) 18.0 (±1.4) 18.1 (±0.5) 14.8 (±0.3)
*/ - means in the same column followed by different letters are significantly different (P <0.05)  
**/ - least significant difference for mean comparison
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Figure 4.1. Soil microbial biomass (Biomass C), soluble hexose sugars (soluble ARC), 
potentially mineralizable nitrogen (PMN), NHt+-N and NO 3  -N concentrations o f the 
UN soil (± 1SE) measured at different temperatures and moisture levels 14 days after 
heating and differences between concentrations measured immediately after heating 
and after 14-day incubation.
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Figure 4.2. Soil microbial biomass (Biomass C), soluble hexose sugars (soluble ARC), 
potentially mineralizable nitrogen (PMN), NH»+-N and NCV-N concentrations o f the UN 
soil (± 1SE) measured at different temperatures and moisture levels 14 days after heating 
and differences between concentrations measured immediately after heating and after 14- 
day incubation.
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Figure 4.3. Cumulative curves o f the CO2  evolution during incubation o f  (a) UN and (b) 
BU soils subjected to 160°C and 380°C under 3 different water potentials measured 
at 3, 7,14, 17, 21, and 28 days.
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APPENDIX A
“Web Mountain Fire”, Kootenai National Forest
Site Conditions:
K 1: clearcut 23 years prior to stand replacing wildfire (June 1994);
K2: thinned 5 years prior to wildfire;
K3: thinned and underbumed 5 years prior to wildfire;
Location: 12 miles northeast of Eureka, MT;
Habitat type: Douglas-fir/snowberry and Douglas-fir/kinnikinnick 
Slope: 30-60%
Aspect: Southerly and Westerly
Elevation: 1280 meters
Mean annual temperature: 3°C;
Mean precipitation: 550 cm;
Site management history: 1989 Seed tree seed cut;
Soils: loamy-skeletal, mixed, frigid Typic Eustochrepts;
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Table I A. Selected mineral soil characteristics for Web Mountain Fire in Summer 1996.
Results presented as averages o f  n=10 (± 1SE).
Characteristic K1 K2 K3
pH 5.5 5.4 6.0
Water content (g-g*1) 0.34 0.45 0.26
W HC (%) 47.7 42.1 41.7
PM N  (pg- cm'3) 11.6 (±1.0) 14.9 (±0.82) 11.8 (±0.38)
N H ^ -N  (pg- cm '3) 0.75 (±0.03) 0.75 (±0.03) 0.28 (±0.03)
N O 3 -N (pg- cm'3) 6.2 (±0.44) 9.1 (±2.88) 4.1 (±0.28)
Am ino-N  (pg- cm'3) 2.0 (±0.09) 1.5 (±0.06) 0.7 (±0.03)
Biom ass N  (pg- cm'3) 10 (±0.44) 10 (±0.35) 10 (±0.35)
ARC (pg- cm'3) 9.4 (±0.50) 8.4 (±0.41) 4.9 (±0.22)
CO 2  evol. (m g-g^d'1) 0.38 (±0.01) 0.44 (±0.01) 0.35 (±0.01)
Total C (g -k g 1) 32 (±1.3) 36 (±3.0) 18 (±2.2)
Total N  (g-kg'1) 1.7 (±0.05) 1.9 (±0.1) 0.9 (±0.09)
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Table 2 A. Selected organic horizon (Oa and Oe) characteristics for Web Mountain Fire in
Summer 1996. Results presented as averages o f n=10 (± 1SE).
Characteristic K1 K2 K3
pH 6.1 6.6 6.6
Water content (g g 'L) 0.71 0.75 0.73
WHC (%) 36.7 39.5 44.1
PMN (pg- cm'3) 67.6 (±3.5) 47.5 (±2.4) 41.5 (±3.8)
N H /-N  (pg- cm'3) 4.1 (±0.16) 2.4 (±0.19) 3.7 (±0.38)
NCb'-N (pg- cm'3) 3.1 (±0.25) 4.1 (±0.19) 4.0 (±0.22)
Amino-N (pg- cm'3) 1.8 (±0.13) 1.6 (±0.09) 3.6 (±0.57)
Biomass N (pg- cm'3) 23 (±0.79) 19 (±0.47) 28 (±1.1)
ARC (pg- cm'J) 7.9 (±0.47) 9.1 (±0.41) 13.9 (±1.01)
Total C (g-kg'1) 84.6 (±7.6) 65 (±4.6) 83.5 (±7.2)
Total N (g-kg'1) 5.2 (±0.4) 4.2 (±0.2) 4.7 (±0.3)
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APPENDIX B
“Henry Peak Fire”, Salish-Kootenai Confederated Tribes Forest 
Site characteristics:
F I : commercial thin and stand replacing wildfire (June 1994);
F2: commercial thin;
Control: no thin, no fire;
Location: 17 miles west o f  Hot Springs, MT;
Habitat type: Douglas-fir/kinikinnick or Douglas-fir/pinegrass;
Slope: 35%;
Aspect: Northerly and Northeasterly;
Elevation: 975 meters;
Mean annual temperature: 10°C;
Mean precipitation: 27 cm;
Site management history: 1974-1975 — commercial thin and harvest;
1972 and 1980 — pre-commercial thinning;
Soils: loamy skeletal, mixed, mesic Typic Ustochrepts;
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Table IB. Selected mineral soil characteristics for Henry Peak Fire in Summer 1996.
Results presented as averages of n=8 (± 1SE).
Characteristic FI F2 Control
pH 6.3 5.6 5.8
Water content (g-g~l) 0.04 0.03 0.07
WHC (%) 27.4 32.8 38.1
PMN (pg- cm'3) 18.1 (±0.5) 31.7 (±1.1) 52.9 (±0.68)
NH 4 +-N (pg- cm'3) 2.6 (±0.21) 1.5 (±0.07) 2.1 (±0.11)
NCV-N (pg- cm'3) 1.6 (±0.11) 1.6 (±0.14) 1.7 (±0.11)
Amino-N (pg- cm'3) 5.1 (±0.09) 4.3 (±0.08) 1.9 (±0.06)
Biomass N (pg- cm'3) 12 (±0.39) 24 (±1.1) 35 (±1.5)
ARC (pg- cm'3) 36.9 (±1.4) 21.7 (±1.0) 18.4 (±0.36)
CO? evol. (mg-g^d'1) 0.16 (±0.00) 0.12 (±0.01) 0.21 (±0.01)
Total C (g-kg'1) 36 (±2.3) 46 (±3.6) 57 (±2.7)
Total N (g-kg'1) 1.7 (±0.4) 2.0 (±0.1) 2.9 (±0.2)
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Table 2B. Selected organic horizon (Oa and Oe) characteristics for Henry Peak Fire in
Summer 1996. Results presented as averages o f n=8 (± 1SE).
Characteristic FI F2 Control
O horizon thickness (cm) _ 8.9 1.7
pH - 5.3 5.4
Water content (gg*1) - 0.03 0.08
WHC (%) - 30.9 32.5
PMN (pig- cm'3) - 148.3 (±5.9) 201.1 (±10.7)
N lV -N  (pig- cm'3) - 11.0 (±0.39) 18.8 (±0.46)
NO 3 -N (pig- cm*3) - 8.5 (±0.61) 11.2 (±0.54)
Amino-N (pig- cm"3) - 19.5 (±0.46) 27.7 (±0.57)
Biomass N (pig- cm'3) - 56 (±3.8) 28 (±1.9)
ARC (pig- cm'3) - 116.4 (±7.1) 135.7 (±4.6)
Total C (g-kg'1) - 165 (±9.1) 210 (±14.5)
Total N (g-kg'1) - 7.2 (±0.4) 8.2 (±0.4)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
113
APPENDIX C
Structural and Functional Recovery of Forest Soil Microbial Communities
Following Simulated Forest Fires
Part I: Laboratory Simulations
Soils were collected from unbumed control plot of a ponderosa pine/Douglas-fir 
forest in Lost Horse Creek Drainage, Western Montana. Soils were sandy-skeletal, 
mixed frigid Typic Ustochrepts formed on granite glacial till. Soils were gravelly sandy 
loam of 15% clay and 35% sand by volume. Water holding capacity of -1.5 MPa was 
determined using pressure membrane apparatus. Soils were pre-incubated for 14 days at 
25°C water potential with moisture checked daily. At the end o f pre-incubaion period, 
soils were transferred to metal canisters (6 replicated canisters per treatment) and placed 
in a preheated muffle furnace for 30 minutes at 380°C. Soils were allowed to cool and 
three replicate canisters per each treatment were immediately processed and analyzed, 
while remaining three were transferred to Ball Mason jars, inoculated with 1 g of 
unheated soil and incubated for 14 days with moisture content checked daily. Soil 
samples were analyzed for microbial biomass N and CO2  evolution using methods 
described earlier.
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P a rt II: Field Testing
The research was established on the same site described in Chapter 3. The 
following treatments were used in this experiment: control treatment, (T2) whole tree 
harvest with 50% tops left/bum (originally H2B) and (T3) no harvest/bum (originally 
NHB). Plots were sampled 5 times after fire starting from day 3 every 7 days until day 
28. Eight samples o f mineral soil were collected each time from randomly established 
points that became stops for the next consecutive sampling episodes. Within 24-hours o f 
field sampling all mineral soil was processed for further analyses. Mineral soil was 
analyzed for: water content, pH, extractable ammonium (NH4 +-N), extractable nitrate 
(NCV-N), microbial biomass (biomass N) and amino nitrogen (amino-N).
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Figure 1C. Mineral soil concentrations of microbial biomass (biomass C), basal soil
respiration (CO2  evolution) and estimates o f qCOi (C 02/biomassC) for unheated
control and soils heated at 380°C.
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Figure 2C. Mineral soil concentrations o f microbial biomass (biomass N), extractable 
ammonium (NH4+-N), extractable nitrate (NO3 -N) (all in fig g 1), ratios o f biomass 
N/NH4, NO3/ NH4, NH4/PMN (nu), and pH for the control treatment, whole tree 
harvest with 50% tops left/bum (T2) and no harvest/bum (T3).
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